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Introduction 
 
The purpose of this study is to evaluate 10 types of power plants available at present 
including fossil fuel as well as renewable energy-based power plants, with regard to 
their overall impact on the living standard of local communities.  
The idea of implementing this evaluation started during the drafting of my bachelor 
degree thesis, more than two years ago. Searching among the enormous quantity of 
literature on this theme, I immediately noted that no study of this kind was present for 
Italy and I decided to try to do it, availing of the fundamental collaboration of ENEA for 
the retrieval of data.  The choice of the Goal programming method follows in part the 
existing international literature and in part the necessities of Italian context. 
The current study covers the set of criteria considered typical for Italy and for the main 
developed countries. Both positive and negative characteristics of technologies are 
taken into account and their numerical values are calculated using ENEA data sources 
and methodologies. The results presented here are illustrative only and user-defined 
weighting is required to make this study valuable for a specific group of users. 
A sensitivity analysis examines the most important weight variations, thus giving an 
overall view of the problem‘s evaluation to every decision maker.  
To complete the analysis an inverse model is constructed in order to identify the 
selection priorities of energy technologies for Italy and to assess the correspondence 
between the energy policy and the actual implementation of technologies. 
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Chapter I  
 
Theoretical Basis 
 
1. Linear programming 
 
The classical optimization problem in the context of linear programming is to maximize 
or minimize a linear objective function with respect to certain conditions, the so called 
linear constraints. 
The general linear programming problem (LPP) is of the type: 
 
 
max𝑍 = 𝑐𝑇𝑥𝑖                                      𝑂𝑏𝑗𝑒𝑐𝑡𝑖𝑣𝑒 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛         
𝑠. 𝑡.  𝑎𝑖
𝑇𝑥𝑖 ≤ 𝑏𝑖 , 𝑖 = 1,… ,𝑚               𝐶𝑜𝑛𝑠𝑡𝑟𝑎𝑖𝑛𝑡𝑠                                 
 𝑥𝑖 ≥ 0  𝑖 = 1,… ,𝑚                                   𝑁𝑜𝑛 𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑖𝑡𝑦 𝑐𝑜𝑛𝑠𝑡𝑟𝑎𝑖𝑛𝑡𝑠
  
 
where 𝑐𝑇  is an m-dimensional row vector containing the unit weights of the variables 
𝑥𝑖 ;   𝑎𝑖
𝑇  are n m-dimensional row vector containing the coefficients of the variables into 
the constraints; 𝑏𝑖  are m fixed real constants. The non negativity constraints ensure that 
all the variables are always positive, this requirement is present very often speaking 
about real world quantities.  
Linear programming is based on the following hypothesis: 
 Proportionality: the contribution of each activity to the value of the objective 
function Z is proportional to the activity level 𝑥𝑖 . Similarly, the contribution of 
each activity expressed in the i
th
 constraint function is proportional to the 
activity level 𝑥𝑖 ; 
 Additivity: each function (either the objective function or a constraint) is the 
sum of the individual contributions of each activity; 
 Divisibility: each variable can assume any value, provided that it belongs to the 
feasible region, including non-integer values; 
 Certainty: the parameters of the problem are constant and known. 
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Note that we introduced a maximization problem, but there is no loss of generality since 
it is always possible to pass from the minimization to the maximization problem. In 
particular, in the case of finding the minimum it is sufficient to recall that 
 
min 𝑍 = −max −𝑍   
 
in order to transform it into a maximization problem, and vice versa. 
Moreover, the constraints can be expressed alternatively as inequalities or equalities, 
depending on the problem, that could either require a rigid compliance or not. In the 
event that one or more constraints are expressed in the form of equality, it will be 
sufficient to replace the constraints in question with two new constraints, one with the ≥ 
sign and the other with the ≤ sign. 
At the end, to have all the inequalities in the same direction, for example with a ≤ as in 
the generic problem, it will be sufficient to multiply by -1 those with opposite direction. 
Often the problem presents some real variables unlimited in sign. In these cases, it is 
possible to replace the unbounded variables with the difference of two non-negative 
ones such as: 
𝑥𝑗 =  𝑥𝑗
+ − 𝑥𝑗
− 
 
where we interpret 𝑥𝑗
+as the positive component of 𝑥𝑗 , and 𝑥𝑗
− as its negative 
component. 
In particular, 
𝑥𝑗
+ =  
+𝑥𝑗     𝑓𝑜𝑟 𝑥𝑗 ≥ 0 
0        𝑓𝑜𝑟 𝑥𝑗 ≤ 0 
  
𝑥𝑗
− =  
0       𝑓𝑜𝑟 𝑥𝑗 ≥ 0 
−𝑥𝑗  𝑓𝑜𝑟 𝑥𝑗 ≤ 0
  
 
for all basic solutions*, so we will never find both variables simultaneously. 
 
*Definition  
A basic solution is a solution obtained setting n – m variables equal to zero and 
solving for the remaining m variables, provided that the determinant of the 
coefficients of these m variables is nonzero. The m variables in question are called 
basic variables.  
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2. Multiobjective programming 
 
In real problems, contrary to what it is assumed in linear programming problems, it is 
usual to  have various purposes, i.e. it is necessary to work with more than one objective 
function to maximize (minimize). Moreover, these objective functions could be not 
directly comparable and also in conflict with each other. 
For example, consumer's demand for various goods is determined by the process of 
maximization of the utilities derived from those goods, subject to a budget constraint. 
This constraint allows more of one good to be purchased only at the sacrifice of 
consuming less of another good; therefore, the various objectives (more consumption of 
each good is preferred) are in conflict with each other. Another example is given by 
finance, where a common problem is to choose a portfolio when there are two 
conflicting objectives — the desire to have the expected value of portfolio returns be as 
high as possible, and the desire to have risk, measured by the standard deviation of 
portfolio returns, be as low as possible.  
 
*Definition 
Let be given the following functions 𝑓1,𝑓2 ,…𝑓𝑚 ,  𝑓𝑖 :ℜ
𝑛  →  ℜ and let X be a subset 
of  ℜ𝑛 . 
The problem  
𝑃:𝑚𝑎𝑥 𝑓1 𝑥 ;𝑓2 𝑥 ;… ; 𝑓𝑚  𝑥  ;𝑥 ∈ 𝑋 
 
is named ―multiobjective problem‖. 
 
Even in the context of multi-objective problems, the simultaneous presence of 
objectives of maximization and minimization of the type 
 
 𝑚𝑎𝑥𝑓1 𝑥 ;𝑚𝑖𝑛𝑓2 𝑥   𝑥 ∈ 𝑋 
 
has no effect, given the persistence of the relation 
 
min⁡(𝑓 𝑥 = −𝑚𝑎𝑥 (−𝑓 𝑥 ) 
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In this type of problems the concept of solution is closely related to the type of order 
taken into consideration in the image space ℜ𝑛 . 
In this regard, various ideas have been formulated: 
 The economist Pareto (1896) introduced the pioneering concept of "compromise 
solution". The Pareto optimality, as we will see better later in this chapter, is 
defined as a situation in which it is not possible to improve the value of an 
objective function without reducing the value of at least one other.  
 We can assume that the goals do not have the same importance and then we will 
assign a different priority to different functions, for example, if we assign first 
priority to the objective function 𝑓1 and second priority to the objective function 
𝑓2, an optimal solution for the problem will be obtained maximizing firstly the 
function 𝑓1 on its whole domain and then maximizing the function 𝑓2 on the set 
of optimal solutions of 𝑓1, that is: 
1. Solve the problem 
𝑃1: max 𝑓1 𝑥 , 𝑥 ∈ 𝑆 
 
and let S1 be the set of optimal solutions of  𝑃1; 
2. Solve the problem 
𝑃2: max 𝑓2 𝑥 , 𝑥 ∈ 𝑆1 
 
and let S2 be the set of optimal solutions of  𝑃2. 
Each 𝑥 belonging to S2 is an optimal solution of the problem 
 
𝑃: max(𝑓1 𝑥 ,𝑓2 𝑥 )  𝑥 ∈ 𝑆 
 
 It is possible to do a scalarization: assign some "weights" 𝑝𝑖  > 0 to the objective 
function and consider the problem 
 
𝑃: max(𝑝1𝑓1 𝑥 +   𝑝2𝑓2 𝑥 )  𝑥 ∈ 𝑆 
 
In this case it is possible to give a different importance to the two objective 
functions imposing either 𝑝1<𝑝2 or vice versa. 
 A Goal Programming based model for the assessment of Energy technologies in Italy 
 
 8 
 
 Finally, in correspondence of each value of the objective functions 
(𝑓1,𝑓2,… ),  one can assume to obtain a certain satisfaction or a certain utility 𝒰. 
From a formal point of view, one has a function 𝒰(𝑓1 𝑥 ,𝑓2 𝑥 ,… )  that should 
be maximized. If the function 𝒰 is linear, this case reduces to the previous one. 
 
All these ideas lay the foundation on the concept of preference, which is certainly not 
easy to define when one should choose between several alternatives in turn composed 
by several variables. 
There is no doubt, in fact, on the meaning of max 𝑓 𝑥 , 𝑥 ∈ 𝑆, while there are some 
doubts according to the meaning of  max(𝑓1 𝑥 ,𝑓2 𝑥 ,… ), 𝑥 ∈ 𝑆 . 
In the first case 𝑓 𝑥  is a number, so one needs to determine the max value among all 
the possible values assumed by the function in 𝑆. 
In the set of all the real numbers there is a total order, i.e. ∃ a definite relation for which, 
whatever being  𝑥 ,𝑦 ∈  ℜ  it holds either 𝑥 > 𝑦  or  𝑥 < 𝑦, and this leads to the 
definition of the maximum element of a subset A of ℜ as that number M such that 
𝑎 ≤ 𝑀,∀𝑎 ∈ 𝐴. 
In the second case (𝑓1 𝑥 ,𝑓2 𝑥 ) is a set of numbers so it is necessary to define an 
ordering mechanism in order to determine the set of Pareto optimal solutions. 
An element 𝑥0 ∈ 𝑋 is said to be a Pareto optimal solution or Pareto efficient solution 
for the problem 𝑃 if:  
 
∄𝑥 ∈ 𝑋: 𝑓𝑖 𝑥 > 𝑓𝑖 𝑥𝑜 , 𝑖 = 1,… ,𝑚 
 
with at least one of the inequalities strictly verified. 
This means that if ∃ 𝑥 ∈ 𝑋: 𝑓𝑖 𝑥 > 𝑓𝑖 𝑥𝑜 , for some 𝑖 , then it should necessary hold 
that ∃ 𝑗: 𝑓𝑗  𝑥 < 𝑓𝑗  𝑥𝑜 , that corresponds to the definition of Pareto efficiency given 
before. 
Generally, the generation of the set of all the Pareto optima is not easy; it depends on 
type and number of objective functions and on the size of the problem. 
The knowledge of the set of Pareto optimal solutions enables the decision makers to 
select those solutions verifying some additional assigned preferences, but very often one 
needs to take a punctual decision and so to have a single optimal solution. 
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To help the decision maker, various methods have been proposed with the purpose of 
determining, from among all the Pareto optimal solutions, the alternative which reflects 
nearly his desires. 
The main methods are the "Lexicographic ordering" and the "Weighted sum of the 
objectives". 
 In "lexicographic ordering" the decision maker may have some absolute 
priorities with respect to the objectives. By ordering the goals in this sense, he 
determines the maximum of the first objective 𝑓1 on X and, if it is unique, he has 
got the decision. Otherwise, he maximizes the second objective 𝑓2 on the set of 
the alternative optimal solutions previously determined. Again, if the solution 
thus found is unique, it will be the decision to be taken, otherwise the decision 
maker will maximize 𝑓3 on the set of the determined alternative optimal 
solutions and so on.  
According to the definition it is easy to prove that an optimal point, determined 
according to the lexicographic ordering, is a Pareto optimal solution. 
 In the method of "weighted sum of the objectives" the decision maker assigns 
some weights to the various objectives on the basis of the importance that he 
recognizes for them. In this case, the Pareto optimal solution sought by the 
decision maker corresponds to an optimal solution of the following problem 
 
maxx ∈ X  𝑝𝑖𝑓𝑖 𝑥 
𝑚
𝑖=1
 
𝑝𝑖 > 0       𝑖 = 1,… ,𝑚 
 
It holds, in fact, the following theorem: 
Let   𝑓𝑖(𝑥), 𝑖 = 1,… ,𝑚   be  𝑚 continuous functions. 
If  𝑥0 is an optimal solution for the problem  
 
𝑚𝑎𝑥𝑥  ∈ 𝑋  𝑝𝑖𝑓𝑖 𝑥 
𝑚
𝑖=1
, 
 
 then  𝑥0 is also an efficient point for the multiobjective problem 𝑃. 
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In the case in which all the 𝑓𝑖  are linear functions as the weights change, one 
obtains all the efficient solutions. 
 
3. Goal Programming 
 
The concept of Goal Programming (GP) was firstly introduced by Abraham Charnes 
and William Cooper of the Carneige Institute of Technology in 1955.  
They developed the method with the objective of implementing a remuneration plane 
for the executives of an electric company, the ―General Electric‖ (competing offers of 
salary for executives were hired as multiple objectives) and the problem was solved 
reducing it to a multiobjective L.P.P. 
However, the name "Goal Programming" was given to this method only in 1961. 
Yuji Ijiri (a PhD student of Cooper at Carnegie Tech of Stanford), in 1965, developed 
the concept of preemptive goal programming for the treatment of functions with 
multiple objectives and provided the first approach to a general solution of the problem. 
Goal Programming is a variation of Linear programming that allows to maximize 
(minimize) more than one objective functions simultaneously. The objectives in this 
specific method are said to be ―goals‖. They differ from the ones in classical 
mathematical programming since an objective is a function that one tries to optimize, 
while a goal is an aim to be achieved. 
The basic approach of the GP in order to model a multi-objective problem consists of 
the following steps: 
 establish, for each objective 𝑓𝑖 , the level 𝑏𝑖  of achievement required and indicate 
whether this level should be satisfied exactly, might be exceeded or may not be 
exceeded,  i.e. 𝑓𝑖(𝑥) =<> 𝑏𝑖 . 
 transform all the goals into equations by introducing two variables for each 
goal. These variables are called ―variables of deviation‖ and are indicated with 
𝑑𝑖
+  or with 𝑑𝑖
− . The variables of deviation 𝑑𝑖
−  represent a quantification of the 
non-achievement of the i
th
 goal, or better by how much the i
th
 goal was not 
satisfied with respect to the level established 𝑏𝑖 . The variables of deviation 𝑑𝑖
+  
represent by how much the achievement of the i
th 
goal has been exceeded with 
respect to the proposed level.  
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For each goal at least one of the two variables of deviation must be zero. If the 
goal is satisfied, exactly both variables of deviation are equal to zero. If the goal 
is met in excess of the variable deviation 𝑑𝑖
− is equal to zero, while if the goal is 
satisfied by deficiency 𝑑𝑖
+ is zero. 
 determine a solution that minimizes the sum of the deviations of all the 
functions from the related goals. 
The main scope of Goal programming is in fact to minimize the deviations between the 
achievement of the goal and its desired levels. 
Example 
Problem 
An office equipment manufacturer produces two kinds of products: A and B. 
Production of either A or B requires 1 hour of production capacity in the plant. The 
plant has a maximum production capacity of 10 hours per day. Because of the limited 
sales capacity, the maximum number of A and B that can be sold are 6 and 8 per day, 
respectively. The gross margin from the sale of A is 80 and the one for B is 40. The 
overtime hour should not exceed 2 hours/day. The plant manager has set the following 
goals arranged in order of importance. 
Goal 1. To avoid any underutilization of production capacity.  
Goal 2. To limit the overtime hours to 2 hours.  
Goal 3. To sell as many A and B as possible. Since the gross margin from the sale of A 
is set at twice the amount of profit from a B, he has twice as much desire to 
achieve the sales goal for A as for B.  
Goal 4. To minimize the overtime operation of the plant as much as possible. 
Solution 
Let X1 and X2 be the number of units of A and B, respectively, to be produced per day. 
The maximum production capacity per day is 10 hours. The number of hours of 
production capacity required for A and B is 1 hour. Overtime is allowed, if necessary. 
The underutilization capacity is to be minimized. 
These are incorporated in the following constraint:  
 𝑥1 + 𝑥2 + 𝑑1
− − 𝑑1
+ = 10 
where 
𝑑1
−= underutilization of production capacity as against 10 hours of operation per day, 
𝑑1
+= overutilization of normal production capacity beyond 10 hours per day. 
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The maximum sales for computer cover is 6 units per day, whereas, the maximum 
sales for floppy box is 8 units per day. Hence, overachievement of sales beyond the 
maximum sales is impossible.  
The corresponding sales constraints are:  
𝑥1 + 𝑑2
− = 6  and  𝑥2 + 𝑑3
− = 8 
where  
𝑑2
−= underachievement of sales goal of A per day, 
𝑑3
−= underachievement of sales goal of B per day. 
The overtime hour is restricted to 2 hours per day. From the production capacity 
constraint, it is clear that d, is the overtime variable.  
Therefore, 
𝑑1
+ + 𝑑4
− − 𝑑4
+ = 2 
where  
𝑑4
−= underachievement of overtime hours per day, 
𝑑4
+= overachievement of overtime hours per day.  
One unit of A gives a gross margin of 80 and one unit of B gives a gross margin of 40. 
Since the production rate is same for both A and B (one per hour), the hourly margins 
of A and B are in the ratio of (80:40) or (2:1). Hence, it is appropriate to assign these 
as differential weights in Goal 3. The differential weights imply that management is 
relatively more concerned with the achievement of the sales goal of A than that of B.  
Based on the above guidelines, a goal programming model for the given problem is 
presented below:  
Min Z=𝑃1𝑑1
− + 𝑃2𝑑4
+ +  2𝑃3𝑑2
− + 𝑃3𝑑3
− + 𝑃4𝑑1
+ 
s.t. 𝑥1 + 𝑥2 + 𝑑1
− − 𝑑1
+ = 10 
𝑥1 +  𝑑2
−=6 
𝑥2 + 𝑑3
−=8 
𝑑1
− + 𝑑4
− − 𝑑4
+ = 2  
Where 𝑥1, 𝑥2, 𝑑1
−, 𝑑1
+, 𝑑3
−, 𝑑2
−, 𝑑4
−, 𝑑4
+≥0. 
Here 𝑃1, 𝑃2, 𝑃3 and 𝑃4 are the priority levels starting from high to low; 𝑃1𝑑1
− is the 
objective function term for Goal 1; 𝑃2𝑑4
+  is the objective function term for Goal 2;  
(2𝑃2𝑑2
− + 𝑃3𝑑3
− ) is the objective function term for Goal 3 and 𝑃4𝑑1
+ is the objective 
function term for Goal 4. 
The problem can now be solved using the simplex method. 
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The resulting matrix after 3 iterations of the method is the following, where X1 and X2 
are decision variables and the remaining variables are deviation variables. 
 
 
 
 
 
 
 
 
 
 
 
 
 
The Goal is now achieved hence the optimal results are: 
 Number of A to be produced = 6 
 Number of B to be produced = 6 
 Underutilization of sales demand of B = 2 units 
 Overutilization of production capacity per day = 2 hours 
 
CBj Cj 0 0 P1 2P3 P3 0
 P4 P2 Solution 
Basic 
var 
X1
 X2
 d1
- 
 
d2
- d3
- 
 
d4
- d1
+ 
 
d4
+
 
P1 
2P3 
P3 
0 
d1
- 
d2
- 
d3
- 
d4
- 
0 
1 
0 
0 
1 
0 
0 
0 
1 
0 
-1 
0 
-1 
1 
1 
0 
0 
0 
1 
0 
0 
0 
-1 
1 
-1 
0 
0 
1 
-1 
0 
1 
-1 
6 
6 
2 
2 
Cj-Zj P4 
P3 
0 
0 
0 
0 
0 
0 
0 
0 
0 
1 
0 
1 
0 
1 
0 
0 
0 
1 
0 
0 
-1 
1 
0 
0 
0 
0 
0 
0 
1 
-1 
1 
0 
2 
2 
0 
0 
P2 
P1 
 
There are two different approaches to Goal Programming: 
 Nonpreemptive Goal Programming: all the goals have the same relevance into 
the problem. In this approach all the goals enter into a unique objective function 
to be maximized (minimized). It is possible also in this case, as in the one of the 
weighted sum of the objectives, to assign some weights to the various goals. 
 Preemptive Goal Programming: as in lexicographic preferences, there is a 
hierarchy of priority of the various goals, according to which the most important 
goals are maximized before the less important ones, which receive a secondary 
attention. Also in this approach it is possible to find many goals with the same 
priority, in which case we come back to the nonpreemptive goal programming 
approach. 
 
The modelization with the GP leads to a multiobjective linear problem. 
The problem is solved through the so called multiphase simplex algorithm, which 
determines a Pareto optimal solution. 
Differently from the classical method, in this case the simplex matrix has a number of 
rows equal to the number of goals following the order of priority established by the 
decision maker. 
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The process starts with the maximization of the first objective with respect to the 
equality constraints of the problem (by inserting the variables of deviation, in fact, all 
the constraints become equalities). 
If the solution is unique the founded point is surely optimal and it is not necessary to 
proceed with the optimization of the other goals. 
While, in the case of alternative optimal solutions, corresponding to the same value of 
Z, that we will call Z*, one passes to the second phase of the procedure adding to the 
model the goal with a relevance immediately lower than the preceding. 
It is obvious that to minimize the second objective in the set of the alternative solutions 
of the first ensures that the first objective does not get worse.  
If Z*=0, the variables of deviation related to the first goal can be eliminated from the 
model, and the equality constraints containing these variables can be substituted by their 
initial mathematical expression (equality or inequality) in order to grant these 
constraints to be fully respected also in the optimization of the other goals. 
In the case in which Z*>0, in the second phase of the procedure it will be sufficient to 
add the secondary level‘s goals to the preceding model in place of the first ones, but in 
this case the model should also contain the constraint expressing that the objective 
function of the first phase is equal to Z*.  
Subsequently one again applies the simplex method and repeats the same procedure for 
all the less important goals. 
This method ensures that a Pareto optimum will be obtained at the end of the process. 
Goal programming is a very useful tool to deal with problems in which many goals 
should be treated simultaneously.  
Anyway it requires the formulation of a goal for each objective and it is not always 
possible to do it in a significant way.  
In particular, some objectives are unlimited and so pushing the solution towards the 
optimum is an infinite process.  
For unlimited objectives a minimum goal does not exist, so that it becomes relatively 
indifferent the progress made with respect to this goal. In this case it will be useful to 
maximize the minimum progress toward all the objectives. 
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In order to formalize this approach, suppose to have K objectives, 
 
𝑍1 =  𝑐𝑗1𝑥𝑗     1
𝑠𝑡𝑜𝑏𝑗𝑒𝑐𝑡𝑖𝑣𝑒
𝑛
𝑗=1
 
𝑍2 =  𝑐𝑗2𝑥𝑗     2
𝑛𝑑𝑜𝑏𝑗𝑒𝑐𝑡𝑖𝑣𝑒
𝑛
𝑗=1
 
… 
𝑍𝑘 =  𝑐𝑗𝑘 𝑥𝑗     𝐾
𝑡𝑕𝑜𝑏𝑗𝑒𝑐𝑡𝑖𝑣𝑒
𝑛
𝑗=1
. 
 
We want to increment simultaneously the values of all the individual objective 
functions. So, the global objective function for the problem becomes  
 
𝑀𝑎𝑥 𝑍 = 𝑚𝑖𝑛 𝑍1,𝑍2,… ,𝑍𝑘 , 
 
and an optimal solution for (𝑥1, 𝑥2,… , 𝑥𝑛) is the one which makes the minimum Z as 
large as possible.  
This global objective function is surely not well defined for a L.P.P. and so it is 
necessary to reformulate the problem. 
One starts introducing some auxiliary variables z that represent the minimum value 
among the K objectives, 
𝑧 = min 𝑍1,𝑍2 ,… ,𝑍𝑘 . 
 
The introduction of these auxiliary variables allows rewriting the global objective 
function as 
𝑀𝑎𝑥 𝑍 = 𝑧, 
 
that is a kind of objective function treatable with linear programming (a variable with 
coefficient +1 and all the other coefficient equal to 0). 
 
At this point one should incorporate the definition of z into the L.P. model. The 
definition implies that 
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𝑧 ≤ 𝑐𝑗1𝑥𝑗     ,
𝑛
𝑗=1
 
𝑧 ≤ 𝑐𝑗2𝑥𝑗     ,
𝑛
𝑗=1
 
… 
𝑧 ≤ 𝑐𝑗𝑘 𝑥𝑗     ,
𝑛
𝑗=1
 
 
where the inequalities are admissible constraints for L.P.P.s. Moreover, the definition 
implies that one or more of these constraints (the one(s) with the lower value on the left 
hand side of the inequality) will be respected with an equality sign. 
Thus, Z is simply the higher value satisfying all the constraints, which conditions are 
already been satisfied maximizing Z=z. 
Consequently the equivalent L.P.P. is 
 
𝑀𝑎𝑥 𝑍 = 𝑧 
𝑠𝑢𝑏 𝑐𝑗𝑘 𝑥𝑗     
𝑛
𝑗=1
−  𝑧 ≥ 0   𝑝𝑒𝑟 𝑘 = 1,2,… ,𝐾 
            𝑥𝑗  ≥ 0                    𝑝𝑒𝑟 𝑗 = 1,2,… ,𝑛, 
 
and all the other constraints of the original problem. 
Given that z will surely be nonnegative, a non negativity constraint for this variable can 
be introduced into the model.  
If the Zk are not expressed in homogeneous unities of measure, it is necessary to 
multiply them by some appropriate constants in order to convert them in a common 
unity of measure. 
When the objectives are to be minimized, instead of maximized, the global objective 
function will minimize the maximum progress towards all the objectives. 
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3.1 Goal programming approach as a distance function model  
 
The goal programming model can also be thought of as a special case of the following 
general distance function model: 
 
𝑀𝑖𝑛  𝑊𝑗 𝑓𝑗 − 𝑓𝑗  𝑥  
𝑛
𝑗=1
 𝑃  1/𝑃   
𝑠. 𝑡. 𝑥 ∈ 𝐹 
 
Where: 𝑊𝑗=weight attached to the j
th
 objective; 
 𝑓𝑗 = aspiration level for the j
th
 objective; 
 𝑓𝑗  𝑥 = j
th 
objective function; 𝐹= feasible set. 
 
 Traditional mathematical programming (one single objective) 
Setting in the model P=1, W=1 and 𝑓𝑗 = 𝑓
∗,𝑓∗ being an unfeasible high target 
(maximum bound), the traditional mathematical-programming model is then 
obtained. In fact setting these substitutions in the model we obtain:  
 
𝑀𝑖𝑛  𝑓∗ − 𝑓 𝑥    
𝑠. 𝑡. 𝑥 ∈ 𝐹 
 
But as 𝑓∗ ≥ 𝑓(𝑥) for every 𝑥, then the absolute value sign can be dropped. 
Moreover, as 𝑓∗  is a constant and 𝑀𝑖𝑛  −𝑓 𝑥  = 𝑀𝑎𝑥 𝑓(𝑥), then the 
following traditional mathematical-programming model is obtained: 
 
𝑀𝑎𝑥 𝑓 𝑥   
𝑠. 𝑡. 𝑥 ∈ 𝐹 
 
 Weighted goal programming 
If in the model we  
 set P=1,  
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 introduce the following two deviation variables  
𝑛𝑗 =
1
2
  𝑓𝑗 − 𝑓𝑗  𝑥  +  𝑓𝑗 − 𝑓𝑗  𝑥    
𝑃𝑗 =
1
2
  𝑓𝑗 − 𝑓𝑗  𝑥  −  𝑓𝑗 − 𝑓𝑗  𝑥    
 
 add the two equations  
 subtract the second to the first 
we obtain: 
𝑛𝑗 +  𝑃𝑗 =  𝑓𝑗 − 𝑓𝑗  𝑥   
𝑛𝑗 −  𝑃𝑗 =  𝑓𝑗 − 𝑓𝑗  𝑥  
 
Therefore, according to these operations, the following weighted goal 
programming, which is implicit in the model when P=1, is obtained: 
 
𝑀𝑖𝑛 𝑊𝑗(
𝑛
𝑗=1
𝑛𝑗 +  𝑃𝑗 ) 
𝑠. 𝑡.  𝑓𝑗  𝑥 +  𝑛𝑗 −  𝑃𝑗 =  𝑓𝑗  
𝑥 ∈ 𝐹 
 
If after setting P=1, the goals are prioritized in a preemptive way, then a 
lexicographic goal programming structure is obtained. 
 
 MinMax goal programming. 
Setting in P=∞, the maximum deviation is then minimized; i.e. only the largest 
deviation is taken into account, which is equivalent to the following MinMax 
goal programming (Flavell): 
𝑀𝑖𝑛 𝑑 
 𝑠. 𝑡. 𝑛𝑗 ≤ 𝑑 
𝑓𝑗  𝑥 +  𝑛𝑗 −  𝑃𝑗 =  𝑓𝑗  
 𝑥 ∈ 𝐹 
 
Where d is the maximum deviation. 
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 Multiple objective programming (weighting method). 
Setting P=1 and 𝑓𝑗 = 𝑓𝑗
∗ we have 𝑃𝑗 = 0, because 𝑓𝑗
∗ is an unfeasible high target. 
Therfore we obtain: 
𝑀𝑖𝑛 𝑊𝑗𝑛𝑗
𝑛
𝑗=1
 
𝑠. 𝑡.  𝑓𝑗  𝑥 +  𝑛𝑗 = 𝑓𝑗
∗  
𝑥 ∈ 𝐹 
 
From this last minimization problem we obtain:   𝑛𝑗 = 𝑓𝑗
∗ −  𝑓𝑗  𝑥  . Multiplying 
both terms by 𝑊𝑗 , we obtain 𝑊𝑗𝑛𝑗 = 𝑊𝑗𝑓𝑗
∗ −𝑊𝑗  𝑓𝑗  𝑥 . Therefore, adding for 
every j, we have 𝑊𝑗𝑛𝑗 =  𝑊𝑗𝑓𝑗
∗ −   𝑊𝑗𝑓𝑗  𝑥 . 
But as  𝑊𝑗𝑓𝑗
∗ is a constant, minimization of  −   𝑊𝑗𝑓𝑗  𝑥  is then equivalent to 
maximization of   𝑊𝑗𝑓𝑗  𝑥 . 
Therefore, setting P=1 in the model and 𝑓𝑗 = 𝑓𝑗
∗ for every j, the following 
multiobjective programming model, known as the weighting approach, is 
obtained: 
𝑀𝑎𝑥 𝑊𝑗𝑓𝑗 (𝑥)
𝑛
𝑗=1
 
𝑥 ∈ 𝐹 
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Chapter II 
 
Energy Sources and State of the Art 
of Technologies  
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1. Advanced Fossil Fuel Power Generation 
 
Despite efforts to introduce power generation from renewable energy sources and 
increase its share in the European energy mix, fossil fuels are and will continue to hold 
the largest share of Europe‘s total electricity generation capacity, in both the short and 
medium term (53% in 2010; 43.5% in 2020; 39.8% in 2030) [EC DG ENER, 2009]. 
Of the 53% fossil-fuel based electricity generation in Europe; 23% is based on natural 
gas, 16% on hard coal, 11% on lignite and 3% on fuel oil [Eurostat, 2008]. The 
European picture is slightly ―greener‖ than the global picture, where fossil fuel power 
generation provides more than 60 % of the world‘s electricity output, of which 42 % is 
coal based. 
 
Despite the financial crisis in 2008, which caused a drop in the production from energy 
intensive industries and negative rates of change in the energy and electricity demand in 
2009, electricity consumption is expected to continue increasing in the coming years. 
Baseline projections for the EU indicate that electricity consumption will grow on 
average by 2% per year to 2030, with a potentially slightly slower pace each year 
because of energy efficiency improvement measures and higher fossil fuel prices, in 
particular natural gas, which will carry through into electricity prices. 
Therefore there is a lot of scope to improve technologies on fossil fuelled power 
generation and more specifically on improving conversion efficiency, since any gains 
would translate into substantial CO2 and fuel savings. 
Power plant efficiency is therefore a major factor that could be used to reduce global 
CO2 emissions. 
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The technologies used to generate electricity from fossil fuels can be categorized based 
on the type of fuel used. 
 
a. Coal-fired power plant 
 
A conventional coal-fired power plant produces electricity by the burning of coal and 
air in a steam generator, where it heats water to produce high pressure and high 
temperature steam. The steam flows through a series of steam turbines which spin an 
electrical generator to produce electricity. The exhaust steam from the turbines is 
cooled, condensed back into water, and returned to the steam generator to start the 
process over. Conventional coal-fired power plants are highly complex and custom 
designed on a large scale for continuous operation 24 hours per day and 365 days per 
year. Such plants provide most of the electrical energy used in many countries. 
Italy imports about 90% of its coal requirements, on an Italian fleet of about 60 vessels 
that provide a load capacity of more than 4.6 million tons. The only Italian coal resource 
is concentrated in the Sulcis Iglesiente basin, in south-west Sardinia. 
Technological development aims to increase the efficiency and decrease the investment 
cost and the emissions of coal-fired power. In the Integrated Gasification Combined 
Cycle (IGCC) plants, the production of CO2 during the gasification process offers the 
opportunity for relatively low-cost CO2 capture and storage (CCS), which may give the 
future IGCC plants some competitive and environmental advantages over SCPC.  
Numerous coal-fired power plants are under construction or being planned in many 
countries, including Italy. New coal-fired power plants have higher efficiency and lower 
emission of CO2 per kWh than existing plants. Emissions of airborne pollutants may be 
lower as well. A disadvantage is the high investment cost that is compensated for by the 
lower fuel cost. The current price in the European emission trading system (some €13-
14/tCO2) is not high enough to discourage the construction of new coal-fired capacity. 
However, uncertainties about future CO2 prices can make it difficult to adopt new 
investment strategies. In the near future, the utilities that have to comply with emissions 
trading systems may consider implementing CO2 capture and storage technologies 
(CCS). This may significantly increase the investment cost and reduce the efficiency of 
coal-fired power. Therefore, long-term emission reduction policies and high CO2 prices 
are needed for CCS to become commercially available. Coal-fired power not only 
competes with gas-fired power, but also with nuclear and renewable power.   
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b. Oil-fired power plant 
 
They are not so different in general principle and operation from coal-fired and natural 
gas-fired plants, and are even similar to geothermal and nuclear power plants in some 
respects. Like almost all thermal power plants, they convert heat energy into mechanical 
energy, and then into electricity. This is done by using heat to turn water into steam and 
then directing the steam at a turbine. The steam turns the turbine blades, converting heat 
into mechanical power. This in turn runs the generator, which generates electricity. 
Another means of using oil and other petroleum products to generate electricity is the 
internal combustion engine, which works by converting the explosive potential of 
burning petroleum and its derivatives directly into mechanical energy, and then using 
that mechanical power to run a generator. A gasoline-burning version of this system is 
present in every conventional motor engine in the world. Oil-fired combustion engine 
generators are common in circumstances when a fixed generator is needed but the 
power demand is too small to make a steam turbine practical. Burning oil at power 
plants produces nitrogen oxides, sulfur dioxide, carbon dioxide, methane, and mercury 
compounds. The amount of sulfur dioxide and mercury compounds can vary greatly 
depending on the sulfur and mercury content of the oil that is burned.  Moreover, oil-
fired power plants use large quantities of water for steam production and cooling. When 
oil-fired power plants remove water from a lake or river, fish and other aquatic life can 
be killed, this affects those animals and people who depend on these aquatic resources. 
In addition, the drilling of oil requires water to remove obstructions from the well, and 
refineries require water in the various processes used to refine crude oil into usable fuel. 
In the last years there was a gradual reduction of the usage of oil in the production of 
energy. Also research in the field of oil power plants has almost stalled proving that this 
source is leaving his space to other ones. 
 
c. Natural gas power plants 
 
Natural gas has become a very popular fuel for the generation of electricity in last 
decades, in fact, approximately 21% of the world‘s electricity production is based on 
natural gas. It is extracted from mixed deposits of oil and gas, or only gas. Natural gas 
can be used to generate electricity in a variety of ways. The most basic natural gas-fired 
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electric generation consists of a steam generation unit, where fossil fuels are burned in a 
boiler to heat water and produce steam that then turns a turbine to generate electricity. 
  
 OCGT (Open Cycle Gas Turbines)  
In these types of units hot gases from burning fossil fuels are used to turn the 
turbine and generate electricity. Gas turbine and combustion engine plants are 
traditionally used primarily for peak-load demands, as it is possible to quickly 
and easily turn them on. These plants have increased in popularity due to 
advances in technology and the availability of natural gas. However, they are 
still traditionally slightly less efficient than large steam-driven power plants. 
 
 CCGT (Combined Cycle Gas Turbines) 
Many of the new natural gas fired power plants are known as 'combined-cycle' 
units (also called NGCC). In these types of generating facilities, there is both a 
gas turbine and a steam unit, all in one. The gas turbine operates in much the 
same way as a normal gas turbine, using the hot gases released from burning 
natural gas to turn a turbine and generate electricity. In combined-cycle plants, 
the waste heat from the gas-turbine process is directed toward generating steam, 
which is then used to generate electricity much like a steam unit. Because of this 
efficient use of the heat energy released from the natural gas, combined-cycle 
plants are much more efficient than steam units or gas turbines alone.  
 
In Italy the most important natural gas power plant in size, but so far little used due to 
the high cost of the kilowatt-hour produced, is the thermoelectric plant Alessandro 
Volta in Montalto di Castro, with 3600 MW of power. One of the most important is that 
of Porto Tolle, in the province of Rovigo, located on the delta of the Po. Smaller and 
some decades older is the Central Marzocco in Livorno. Another important Italian 
power plant is San Filippo del Mela, owned by Edipower. Very important is also the 
facility of Turbigo which consists of 4 generating units, with a production of 1.77 GW. 
In the Lodi area there is a plant which turbines operate on natural gas for a total of 1.44 
GW. Also noteworthy is the thermal power plant (coal and gas turbine) of Vado Ligure, 
which will be expanded soon, and will be destined to become the most important in 
northern Italy. 
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Due to the high price of materials and equipment and the increasing demand for new 
CCGT plants, the investment cost of CCGT power plants has been increasing almost 
continuously. At present, if compared with the 2008 peak cost, the CCGT investment 
costs might be slightly declining because of the reduction of material costs and the low 
demand for new capacity due to the ongoing economic crisis. While technology 
learning is not expected to significantly reduce the investment cost of mature 
technologies, technical developments in CCGT plants may still drive cost reductions 
from today‘s prices. Modest cost reductions are also expected for OCGT plants.  
CCGT technology is a strong competitor for all power generation technology. Its share 
in electricity generation has been growing fast over the past decades. In comparison 
with coal-fired power, CCGT plants offer shorter construction time, lower investment 
costs, half as much CO2 per kWh and high service flexibility, but higher fuel costs. 
Non-greenhouse gas (GHG) emissions such as SO2, NOx, and particulate matter are also 
relatively low. The current CO2 price is low and moderately affects the electricity cost. 
In the future, however, it may rise and have a strong impact on the competition between 
coal- and gas-fired power, renewable and nuclear energy. In addition, current 
uncertainties on natural gas prices make it difficult to adopt robust strategies for CCGT 
deployment and may result in a changing economic balance between gas- and coal-fired 
power.  
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2. Power generation from renewable energies  
 
 
 
 
 
a. Hydroelectric power plants 
 
Hydropower is the most widely used form of renewable energy with 3190 TWh 
generated worldwide in 2010. This corresponds to 17.5% of the global gross electricity 
generation and 88% of electricity from renewable resources. Moreover, the global 
hydropower potential is considered to be around 7500 TWh/y. Apart from a few 
countries with an abundance of it, hydro capacity is normally applied to peak-load 
demand, because it is so readily stopped and started. It is not a major option for the 
future in the developed countries because most major sites in these countries having 
potential for harnessing gravity in this way are either being exploited already or are 
unavailable for other reasons such as environmental considerations. Hydro energy is 
available in many forms, potential energy from high heads of water retained in dams, 
kinetic energy from current flow in rivers and tidal barrages, and kinetic energy also 
from the movement of waves on relatively static water masses. Many ingenious ways 
have been developed for harnessing this energy but most involve directing the water 
flow through a turbine to generate electricity. 
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Important technical potential for new hydropower capacity remains in Asia, Africa and 
South America. A realistic figure would be from 2.5 to 3 times the current production. 
In the IEA Energy Technology Perspectives Scenarios, hydropower capacity is 
projected to more than double between now and 2050 and the hydro-electricity 
production is projected to reach about 5000-5500 TWh per year by 2050. However, 
future hydropower production could be affected by climate change. The potential 
impact is not yet really understood and must be investigated in more detail. Key issues 
and challenges for new hydropower projects include the general scarcity of water and 
land resources in most parts of the world, the social and environmental impact of large 
hydropower plants, and the long distances between new resources and consumers. 
These challenges are likely to limit the hydropower potential. 
 
b. Wind power generation 
 
Wind power is the renewable energy which has seen the widest and most successful 
deployment over the last two decades, from 3 GW to 41000 GW of global cumulative 
capacity in Italy. The kinetic energy of the wind is transformed into mechanical energy 
by the rotors of wind turbines and then into electricity that is injected into the grid. 
Wind speed is the most important factor affecting turbine performance because the 
power that can be extracted from the wind is proportional to the cube of the wind speed. 
Wind speed varies depending on the season, location, orography and surface obstacles 
and generally increases with height, creating the wind shear profile. Surface obstacles, 
such as forests and buildings, decrease the wind speed, which accelerates on the 
windward side of hills and slows down in valleys. Italian landscape is particularly adapt 
to the installation of wind power plants since there are a lot of mountains and hills were 
wind is present almost every day of the year and with a considerably high speed.    
Annual variations up to 20% are normal. 
There are two main market sectors: onshore and offshore wind. The differences include 
complication of installation, working environment (saline and tougher at sea) and 
facility of access for installation and maintenance. In addition, as the wind is stronger 
and more stable at sea, wind turbine electricity production is higher off shore. Current 
onshore wind energy technology certainly has room for further improvement, e.g. 
locating in forests and facing extreme weather conditions, yet it is a mature technology. 
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The main problem with this kind of power plants is given by the fact that they require a 
large piece of land where some very big wind turbines must be installed. The presence 
of turbines in green and unspoiled territories, as often happens, represents a visual 
pollution that is unsustainable for environmentalists and nature lovers. Moreover, 
turbines are very noisy and, although they are most of times installed far away from 
countries, this aspect should be considered into the count of externalities from 
operation. 
Offshore wind still aces many challenges and represents for a lot of researchers one of 
the best technologies for Italy although it requires a lot of technological improvements. 
There is a third sector, small turbines (up to 10 kW) for niche applications such as 
isolated dwellings, but this sector is unlikely to provide a significant share of the Italian 
electricity supply.  
 
c. Solar Photovoltaic Electricity Generation 
 
Amongst all energy resources, solar energy is the most abundant one and compared to 
the rate at which all energy is used on this planet the rate at which solar energy is 
intercepted by the Earth is about 10000 times higher. There is a whole family of solar 
technologies which can deliver heat, cooling, electricity, lighting, and fuels for a host of 
applications. Photovoltaic solar electricity generation technologies exploit the 
photovoltaic effect, where electron-hole pairs generated in semiconductors (e.g. Si, 
GaAs, CuInSe2, CdTe, etc) are spatially separated by an internal electric field. This 
leads to a separated negative charge on one side of the cell and positive charge on the 
other side and the resulting charge separation creates a voltage. When the cell is 
illuminated and the two sides are connected to a load, a current flows from one side of 
the device via the load to the other side of the cell. The conversion efficiency of a solar 
cell is defined as the ratio of output power from the solar cell per unit area (W/cm
2
) to 
the incident solar radiation. Efficiency of typical commercial flat-plate modules and of 
typical commercial concentrator modules is up to 15% and 25%, respectively. The 
typical system energy pay-back time depends on the location of the installation. In 
southern Europe, this is approximately 1 to 2 years and increases at higher latitudes. 
The performance of photovoltaic modules is already guaranteed by the manufacturers 
for up to 25 years, but the actual lifetime of the modules is well over 30 years. 
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Research in photovoltaic devices over the last few years has seen major advances in 
efficiency, reliability and reproducibility, but it is clear that there is the potential for 
further progress, both in terms of existing device structures and in relation to new 
device topologies. Key to those advances is an understanding of material properties and 
fabrication processes. Research is required for specific aspects of device design and 
fabrication, together with consideration of the new production equipment necessary to 
transfer these results into the fabrication processes. In parallel, advances in the system 
architecture and operation will allow the increases in cell efficiency to be reflected in 
the energy output of the system. 
The annual installation of PV systems in 2010 in the Italy reached 2.6 GW, the second 
largest amount of newly-built electricity generation capacity after gas-fired power 
stations. This exceptional high installation rate was due to the fact that Italy has a stable, 
long-term financial support in the form of feed in tariffs. 
 
d. Biomass-fired power plants 
 
On a global scale, biomass supplies more than 1% of the electricity demand, i.e. some 
257 TWh per year (IEA, 2009a). These estimates do not include traditional biomass 
combustion mostly used in developing countries. In the IEA countries, the use of 
combustible renewable (especially solid biomass) has a significant impact on the energy 
balance of countries and regions with abundant primary resources. Power generation 
and combined heat and power (CHP) based on biomass and waste, as well as on 
biomass co-firing in coal-fired power plants, are also rapidly growing. The capacity of 
biomass CHP plants varies considerably. Biogas anaerobic digestors are usually 
associated to gas-fired engines for heat and power generation with electrical capacity 
from tens of kWe up to a few MWe. Biomass-fired power plants and CHP plants have 
capacities ranging from a few MWe up to 350 MWe. Small and medium-size CHP 
plants are usually sourced with locally available biomass. Large CHP plants and 
coal/biomass co-firing power plants require biomass sourcing from a wide region and/or 
imported wood or forestry residues. Biomass CHP plants are mature technologies while 
biomass integrated gasification combined cycles (BIGCC), which offer high technical 
and economic performance, are currently in the process of entering the market, 
following the industrial demonstration phase. Biomass-based CHP or power generation 
is widely used in regions that have ample fuel wood resources, forestry or agricultural 
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residues. A business plan including the cost of the biomass resource collection and 
logistics is needed to ensure that CHP or power generation from solid biomass is 
economically viable. For large scale biomass co-firing in coal-fired power plants, the 
location close to a large harbor is economically important. Biomass use in CHP plants 
may compete with other, non-energy uses of agricultural residues such as straw, or with 
wood processing industry (i.e. pulp and paper) in the case of forestry residues. 
Increasing competition between different markets may increase the price of biomass. 
Large-scale use of biomass for power generation or co-firing may raise sustainability 
issues and limit the potential of biomass CHP and co-firing technologies. 
 
e. Geothermal energy 
 
Geothermal energy can provide cost-effective energy for industry and domestic 
applications, displacing oil, gas and electricity – thus reducing our external energy 
dependency and increasing security of supply. Geothermal electricity, being flexible, 
provides base load electricity thus complementing other variable renewables. It has 
many direct uses which entail broad market opportunities and indirect use, through the 
use of electricity or gas compressors in ground-source heat pumps (GSHP), which is the 
fastest-growing of the geothermal energy technologies. 
European geothermal potential includes 3.5 GW of hydrothermal electricity and maybe 
70 GW from innovative enhanced geothermal systems (EGS) currently on pilot phase. 
Heat potential is unknown but huge given the many possible uses. Geothermal energy is 
heat stored beneath the surface of the Earth and it takes the form of either: rock or water 
with low underground temperatures exploitable by ground-source heat pumps (GSHP); 
hot fluid; and heat stored in deeper hot rocks whose initial permeability does not allow 
economic exploitation for which it requires additional stimulation – this is termed 
enhanced geothermal systems (EGS). 
The Lardello (Tuscany) geothermal site, the first attempt of using geothermal energy in 
Europe, was built in 1914 and is now still working. Geothermal subsectors can be 
divided into direct heat use, indirect heat use and electricity generation. Installations can 
sometimes provide co-generation of electricity and then heat for district heating 
networks. Geothermal heat is directly used nowadays for heating and cooling buildings; 
in district heating networks; bathing, wellness and swimming pools; agriculture in 
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greenhouses or uncovered ground heating to grow crops including vegetables and 
flowers but also tree seedlings and bananas, and to dry crops including seaweed, onion, 
wheat and other grains, fruit, alfalfa, coconut meat and timber; aquaculture of tilapia, 
salmon, trout, tropical fish, lobsters, shrimp, prawns and alligators; water 
purification/desalination; industrial process heat for concrete curing, bottling of water 
and carbonated drinks, milk pasteurization, leather, chemical extraction, CO2 
extraction, pulp and paper processing, iodine and salt extraction, borate and boric acid 
production; and snow melting and space cooling. 
 
3. Fuel cells 
 
Hydrogen has been used as a chemical for centuries and now emerges as a universal 
energy carrier with important environmental and energy security advantages. As energy 
carrier, it requires energy to be produced from a variety of sources. It can be used as 
fuel in combustion motors or in fuel cell systems, combining with oxygen to produce 
electricity and water. Greenhouse gas (GHG) emissions are avoided completely when 
producing hydrogen from non fossil energy sources or using CO2 sequestration. 
In addition to its direct use as a feedstock in power generation and transport, because of 
its full interchangeability with electricity, hydrogen can be used as an energy buff er to 
balance the production and demand cycles of intermittent power sources, enabling 
integration of large volumes of renewable energy in the energy system. 
Fuel cells convert the chemical energy stored in fuels into electricity and heat. They can 
be fed by fuels that are readily available as well as by waste-streams from industrial 
processes, thus reducing reliance on oil and on an electricity grid that is ageing and 
increasingly pushed beyond capacity. As there is no combustion, fuel cells do not 
produce any emissions at their point of use, and as there are no moving parts, they are 
quiet and reliable. Due to their high efficiency, fuel cells are considered the most 
efficient means of converting any fuel to useful power. They can be used: in stationary 
applications, such as generating electricity for the utility grid or microgrids or heating 
buildings; in transport to power vehicles, buses, materials handling equipment and; in 
portable applications such as laptops, toys, cell phones. Fuel cell features include 
reliable startup and can be scaled into small and large power packages. They are 
manufactured with repetitive processes for which automation has a large potential for 
cost reduction. 
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Fuel cells and hydrogen are medium- and long-term energy technology options whose 
contribution to meet the 2020 EU targets on GHG emissions, renewable energy and 
energy efficiency are limited. However, they are expected to play an important role in 
achieving the EU vision of reducing GHG emissions by 80-95% compared to 1990 
levels by 2050 [European Commission, 2011]. Large-scale deployment of hydrogen 
technologies increases the use of domestic energy resources, and hence contributes to 
enhancing EU security of energy supply. 
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Chapter III  
 
The Italian Case: Technological and 
Legal Framework 
 
At present, climate change, environmental pollution and supply uncertainty are some of 
the main problems to be solved. Searching for possible solutions is difficult and needs 
big investments and deep transformations in infrastructures for energy generation. 
Nevertheless, a solution in the direction of a large scale conversion towards clean, 
affordable and renewable energy sources (RES) must be found.  
In this environmental framework, the world is progressively moving towards new 
technologies for energy production: in 2008 electricity produced by renewables was 
about 18% with respect to global electricity production; in 2009, for the second 
consecutive year, Europe installed more renewable plants than conventional ones (based 
on fossil fuels like carbon, oil and natural gas). From 2012 the rest of the world is 
following the same trends and new renewable plants are overwhelming the conventional 
ones in capacity installed. Despite the crisis of other economic sectors, just in 2009 
renewable plants capacity extraordinarily increased, in particular, PV (+53%), wind 
(+32%) and solar thermal (+41%). Recent studies even foresee energy generation from 
renewable energy security of supply and external dependence are some other critical 
issues. 
This work concentrates in particular on Italian energy sector since the economic and 
environmental indicator‘s results may vary between different countries. 
There are a number of reasons for this differences and approximately all of that fall into 
the main four categories described below.  
 Resource availability: Some technologies are now considered just to respect 
their present level of usage in Italy, but they will be can eliminated from 
consideration as future technology based on assumed resource availability in a 
given country. The largest case of this assumption is for the fuel lignite. It is 
assumed that there will be no commercially available sources of lignite for Italy 
in the short-medium run. Because lignite has a low energy content by weight, 
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plants are normally located within a relatively short radius of a surface mine 
(often with transport by conveyor belt). Italy will have no lignite mines in 2050. 
Resource availability is also linked to fuel transportation assumptions for the 
upstream part of affected technology chains, including the mix of fuel from 
different locations (e.g. natural gas). 
 Resource quality: Hours per year of operation vary by country for both wind and 
solar technologies, based on country-specific weather conditions. The resulting 
changes in annual capacity factor can significantly affect economic results for 
renewables that are characterized by high capital costs and zero fuel costs. 
 Thermal efficiency: Weather conditions (i.e. average annual ambient 
temperatures) also affect the generation efficiency of technologies relying on 
thermal cycles where waste heat must be rejected to the environment. High 
summer temperatures can lead to a reduction of generation capacity, but this 
factor was handled by assuming that thermal efficiencies were approximately 
3% lower in Italy, as compared to France, Germany and Switzerland. This 
assumption ignores climate variations within countries, but it was judged better 
to at least acknowledge the major differences between northern and southern 
Europe. Lower efficiency implies higher fuel consumption and higher results for 
a range of indicators related to the fuel supply chain. Non-thermal technologies 
were not affected by this assumption. 
 Environment related: Environment, health and safety risk impacts all depend 
upon how a technology relates to its surrounding environment, including how 
emissions travel (wind direction), the presence of potentially affected species or 
population, etc. For most technologies, a rather generic site was defined for each 
country so that such indicators could be calculated. For some technologies a 
more specific site definition was required so that indicators like potential 
fatalities from an accident could be calculated. Environmental conditions 
assumed to differ by country can affect the broad range of environmental 
indicators, but except for the effect of average temperature discussed below they 
do not generally affect the economic indicators. 
 
Worldwide, in 2009 Italy has gained the fourth position for new investments and the 
second position in the PV grid-connected sector. At the end of 2009 Italy got a fifth 
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position for installed capacity for both geothermal and PV energy and the sixth position 
for wind energy. 
However, in order to meet its energy needs, Italy depends much more on imports of 
energy than any of the countries of the EU-27. 
Energy imports – in particular oil and methane – are currently over 85% of Italy‘s need. 
Among the G8 nations, Italy is the only one that does not have nuclear power plants. As 
stated before, the amount of energy from its own fossil fuels is negligible in Italy. Only 
in the Sulcis area of Sardinia there are utilizable deposits of lignite. However, this 
carbon is not suitable to be burned directly in power plants because of the high sulphur 
content. There are small oil fields in the south of Sicily, near Pescara (Abruzzo), in the 
Po valley and in Basilicata. There are minimal reserves of natural gas on the eastern 
borders of the Apennines, in the Po valley, Basilicata and Sicily. Single gas deposits 
have been found under the northern Adriatic Sea and the Ionian Sea. Italy purchases oil 
especially from North African countries, in particular Libya. The most important 
suppliers of gas have so far been Algeria and currently, in increasing amounts, Russia, 
followed by Holland and Norway. 
Extreme dependence of the international energy market and climate protection measures 
demonstrates the urgency of analyzing possibilities for utilizing renewable energy 
sources in situ. For this reason, and since Italy presents a development potential still to 
be exploited in the individual sectors because of its excellent local conditions, many 
institutions strongly suggest an immediate turnaround. 
With a total length of the coasts of mainland and the islands of 7468 km, many stretches 
especially in the southern areas, in Sardinia and in Sicily offer excellent conditions for 
the installation of wind power plants. The Alpine regions of northern Italy have a wealth 
of water and stretches of steep slope, which offer the possibility of hydroelectric 
exploitation in many places. Vast woodlands in northern Italy also provide raw material 
for the growing production of pellets. Especially in the Po valley there are extensive 
lands which can be irrigated and mechanized for the production of biomass. The sunny 
Mediterranean climate creates favorable conditions just about everywhere in Italy for 
the exploitation of solar energy. 
Furthermore, geothermal reserves are easily accessible in many places. There are 
numerous thermal springs and several extinct volcanoes, dormant but also active 
especially in Central and Southern Italy. 
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In short, sources of renewable energy are available. In order to utilize them effectively, 
the development of adequate technologies, targets, and long-term planning instruments 
and, last but not least, attractive incentives are needed. 
Overall, we presented the need to change the Italian ―Energy Mix‖, namely the 
proportions of various energy sources for the national electricity production. In this 
case, the potential of renewable energy should be exploited much more, as required by 
the climate protection measures of the Kyoto Protocol signed by Italy in June 2002. 
 
 The Kyoto Protocol 
 
The Kyoto Protocol is an international agreement linked to the United Nations 
Framework Convention on Climate Change, which commits its Parties by setting 
internationally binding emission reduction targets. 
Recognizing that developed countries are principally responsible for the current high 
levels of GHG emissions in the atmosphere as a result of more than 150 years of 
industrial activity, the Protocol places a heavier burden on developed nations under the 
principle of "common but differentiated responsibilities". 
The Kyoto Protocol was adopted in Kyoto, Japan, on 11 December 1997 and entered 
into force on 16 February 2005. The detailed rules for the implementation of the 
Protocol were adopted at COP 7 in Marrakesh, Morocco, in 2001, and are referred to as 
the "Marrakesh Accords". Its first commitment period started in 2008 and ended in 
2012. 
In Doha, Qatar, on 8 December 2012, the "Doha Amendment to the Kyoto Protocol" 
was adopted. The amendment includes: 
 New commitments for Annex I Parties to the Kyoto Protocol who agreed to take 
on commitments in a second commitment period from 1 January 2013 to 31 
December 2020; 
 A revised list of greenhouse gases (GHG) to be reported on by Parties in the 
second commitment period; and 
 Amendments to several articles of the Kyoto Protocol which specifically 
referenced issues pertaining to the first commitment period and which needed to 
be updated for the second commitment period. 
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On 21 December 2012, the amendment was circulated by the Secretary-General of the 
United Nations, acting in his capacity as Depositary, to all Parties to the Kyoto Protocol 
in accordance with Articles 20 and 21 of the Protocol. 
During the first commitment period, 37 industrialized countries and the European 
Community committed to reduce GHG emissions to an average of five percent against 
1990 levels. During the second commitment period, Parties committed to reduce GHG 
emissions by at least 18 percent below 1990 levels in the eight-year period from 2013 to 
2020; however, the composition of Parties in the second commitment period is different 
from the first. 
Under the Protocol, countries must meet their targets primarily through national 
measures. However, the Protocol also offers them an additional means to meet their 
targets by way of three market-based mechanisms. 
The Kyoto mechanisms are: 
 International Emissions Trading 
 Clean Development Mechanism (CDM) 
 Joint implementation (JI) 
The mechanisms help to stimulate green investment and help Parties meet their 
emission targets in a cost-effective way. 
Under the Protocol, countries' actual emissions have to be monitored and precise 
records have to be kept of the trades carried out. 
Registry systems track and record transactions by Parties under the mechanisms. The 
UN Climate Change Secretariat, based in Bonn, Germany, keeps an international 
transaction log to verify that transactions are consistent with the rules of the Protocol. 
Reporting is done by Parties by submitting annual emission inventories and national 
reports under the Protocol at regular intervals. 
A compliance system ensures that Parties are meeting their commitments and helps 
them to meet their commitments if they have problems doing so. 
 The Kyoto Protocol, like the Convention, is also designed to assist countries in 
adapting to the adverse effects of climate change. It facilitates the development and 
deployment of technologies that can help increase resilience to the impacts of climate 
change. 
The Adaptation Fund was established to finance adaptation projects and programmes in 
developing countries that are Parties to the Kyoto Protocol. In the first commitment 
period, the Fund was financed mainly with a share of proceeds from CDM project 
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activities. In Doha, in 2012, it was decided that for the second commitment period, 
international emissions trading and joint implementation would also provide the 
Adaptation Fund with a 2 percent share of proceeds. 
The Kyoto Protocol is seen as an important first step towards a truly global emission 
reduction regime that will stabilize GHG emissions, and can provide the architecture for 
the future international agreement on climate change. 
In Durban, the Ad Hoc Working Group on the Durban Platform for Enhanced Action 
(ADP) was established to develop a protocol, another legal instrument or an agreed 
outcome with legal force under the Convention, applicable to all Parties. The ADP is to 
complete its work as early as possible, but no later than 2015, in order to adopt this 
protocol, legal instrument or agreed outcome with legal force at the twenty-first session 
of the Conference of the Parties and for it to come into effect and be implemented from 
2020. 
 
 European Directives and Italian ratifications  
 
On the 12th of December 2008 the Directive Climate and Energy 20-20-20 had been 
approved by the European Council. The agreement stated, for EU Countries, the 
reduction of greenhouse gases emission by 20% and an increase in energy efficiency 
and renewable energy production by 20% by 2020. The Directive 2009/28/CE had 
stated for Italy the compulsory target of 17% of final energy consumptions by RES and 
that consumption due to transports would be covered by renewable energy sources by 
10%. Such a target will be reached through the reduction of final energy consumptions 
and the increase in energy production from renewable energy sources in the three 
different areas dealt with by the Directive: electricity production, heat production and 
the transport sector. At the end of July 2010 Italy, as stated by the Directive 2009/28, 
had sent the National Action Plan on renewables to the European Commission: it 
showed the national objectives and trends till 2020 on the one hand and the measures 
and actions to be enhanced or adopted in order to fulfill the objectives on the other 
hand. 
The main targets of the national energy strategy concern supply uncertainty, the 
fostering of innovative technological chains, environmental safety. The opportunities 
coming from the fulfillment of such targets, in particular concerning energy renewable 
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sources development, will be considered by national industry using the resources and 
competences already acquired in other manufacturing sectors. At a regional level big 
efforts should be done spent in order to respect the European targets assigned to Italy. 
The current mechanism under development at regional level is called burden sharing. 
The last Directive of the EU Parliament and of the Council was emanated on the 25
th
 of 
October 2012 (Directive 2012/27/EU) and it must be incorporated by member states 
until the 5
th
 of June 2014. It amends Directives 2009/125/EC and 2010/30/EU and 
repeals Directives 2004/8/EC and 2006/32/EC. This Directive establishes a common 
framework of measures for the promotion of energy efficiency within the Union in 
order to ensure the achievement of the Union‘s 2020 20% headline target on energy 
efficiency and to pave the way for further energy efficiency improvements beyond that 
date. It lays down rules designed to remove barriers in the energy market and overcome 
market failures that impede efficiency in the supply and use of energy, and provides for 
the establishment of indicative national energy efficiency targets for 2020. 
 
A question arises at this point: what kind of instruments could Italy use in order to meet 
all this targets? The answers are two for the moment, the first is to tempt people to 
invest in Res through an incentive system, the second one is to enter in the worldwide 
system and reduce emissions through the Emission Trading Scheme (ETS). 
  
 The incentive policies 
 
An incentive policy is central to launch these new technologies. So far this system has 
been adopted in more than 100 countries. RES represent an economic area with 
enormous potentials, able to attract huge public and private capitals for financing energy 
plants of different capacity, from roof PV panels till concentration solar plants. 
For the credit area RES are a unique opportunity, taking advantages and contributing to 
the growth and showing at the same time a high environmental sensibility. Banks and 
financial Institutions should therefore develop internal high qualified skills for projects 
evaluation. Actually, uncertainty in the stability of public incentives systems and the 
intrinsic risk due to technological innovation assigns a higher risk to renewable 
investments than to other investment fields. Furthermore, RES are a challenging 
research area, from technological, economic, financial, environmental and sociological 
points of view. The Finance Law 2008 and the Law of 29 November 2007 No. 222 
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(called ―Connection to Finance‖) contemplate, as an alternative and at the producer‘s 
choice the incentive of issuing green certificates or the incentive of transferring energy 
at an all-inclusive rate. It must be pointed out that for the production of electricity 
through photovoltaic plants incentive regulations are contemplated – specific and very 
advantageous for the producer – called ―Energy Account‖ and contained in the 
Ministerial Decree of 19 February 2007. In the photovoltaic sector it was this regulation 
which was applied and not the general one, up to September 2013. In September 26
th
 the 
law n. 98 ―Conversione, con modificazioni, del decreto-legge 21 giugno 2013, n. 69  
Disposizioni urgenti per il rilancio dell'economia‖ entered into force and so from 2014 
incentives for PV, but also for other Res, are no more the same. Incentives, feed-in 
tariffs of solar energy into account, have been completed for several months now in 
Italy and have given way to new forms of incentives for photovoltaics: tax deductions 
on income tax income of "natural persons", the domestic photovoltaic,  and the newly 
constituted HUS, Efficient Systems for Users, for the photovoltaic industry and 
commerce.  
Incentives to photovoltaics in 2014, therefore, there are none, but there are some 
measures that have the effect of facilitating, in some way, those who want to invest in 
photovoltaics, both to save on the bill, and to do business. Specifically it comes to tax 
deductions and "direct sales" of energy to end-users (possible thanks to the SEU, 
Systems for Efficient Power consumer). The real incentive and the real challenge of 
photovoltaics, for 2014, is that of the energy and cost savings on electricity bills. 
 
 Emission trading scheme  
 
The Emission Trading Scheme (ETS) is a cornerstone in the fight against climate 
change. It is the first international trading system for CO2 emissions in the world. It 
covers over 11500 energy-intensive installations across the EU, which represent close to 
half of Europe‘s emissions of CO2. These installations include combustion plants, oil 
refineries, coke ovens, iron and steel plants, and factories making cement, glass, lime, 
brick, ceramics, pulp and paper. 
The aim of the EU ETS is to help EU Member States achieve compliance with their 
commitments under the Kyoto Protocol. Emissions‘ trading does not imply new 
environmental targets, but allows for cheaper compliance with existing targets under the 
Kyoto Protocol. Letting participating companies buy or sell emission allowances means 
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that the targets can be achieved at least cost. If the Emissions Trading Scheme had not 
been adopted, other – more costly – measures would have had to be implemented. 
The Commission has no view on what the price of allowances should be. The price is a 
function of supply and demand as in any other free market. Market intermediaries quote 
prices for allowances offered or bid for. The Commission will not intervene in the 
allowance market. Should distortions occur, competition law would be applicable as 
with any other market.  
The National Allocation Plans (NAPs) determine the total quantity of CO2 emissions 
that Member States grant to their companies, which can then be sold or bought by the 
companies themselves. This means each Member State must ex-ante decide how many 
allowances to allocate in total for a trading period and how many each plant covered by 
the Emissions Trading Scheme will receive. The first trading period runs from 2005-
2007, the second one from 2008-2012, and the third one will start in 2013.  
The idea is that Member States limit CO2 emissions from the energy and industrial 
sectors through the allocation of allowances, thereby creating scarcity, so that a 
functioning market can develop later and overall emissions are then really reduced. 
NAPs have to be drawn up periodically. Each Member State had to prepare and publish 
a first NAP for the 2005-2007 trading period by 31 March 2004 (1 May 2004 for the 10 
new Member States). The NAPs for the second 2008-2012 trading period have to be 
prepared and published by 30 June 2006. 
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Today‘s production of electrical energy by technology in Italy is presented in the 
following graph. It actually contains data of year 2012, but we do not find reasons to 
conjecture a significant change during last year.  
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Chapter IV 
 
Brief Analysis of the Typical Models 
for the Evaluation of Energy 
Technologies and Literature Review 
 
Several studies have been carried out on power plant evaluation, electricity production 
and energy planning. All of them can be seen as multiple criteria decision-making 
problem. Traditional single criteria decision-making cannot handle the complexity of 
current systems and so the problem of evaluating energy technologies. 
Some of the studies present in literature focus on particular types of power plants like 
those based on renewable energy resources (Georgopoulou et al., 1997), some others 
use outranking methods like ELECTRE (Beccali et al., 2003; Buchanan and 
Vanderpootenb, 2007) and some others focus on economic (Diakoulaki and Karangelis, 
2007; Kaldellis and Kavadias, 2007; Kaldellis et al., 2005), environmental (Bee´ r, 
2007; Meyer, 2002; Zhang et al., 2005) or technological aspects (Cook and Green, 
2005) of power generation. Some studies incorporate the analytic hierarchy process 
(AHP) for energy conservation promotion (Kablan, 2004), natural resource and 
environmental management (Zhu and Dale, 2001), energy resource allocation 
(Ramanathan and Ganesh, 1995) and several other aspects of the energy sector (Elkarmi 
and Mustafa, 1993; Kim et al., 1999; Vaidya and Kumar, 2006). 
 
The main methods present in the literature for analyzing energy technologies and 
sources are presented here. 
 
1. Driving Forces-Pressures-State-Impacts-Responses 
 
The European Environmental Agency in 1999 proposed the Driving Forces-Pressures-
State-Impacts-Responses (DPSIR) framework as a conceptual model to be used in the 
assessment and management of environmental problems and so to decide among 
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different energy technology. ‗According to this systems analysis view, social and 
economic developments exert Pressure on the environment and, as a consequence, the 
State of the environment changes, such as the provision of adequate conditions for 
health, resources availability and biodiversity. Finally, this leads to Impacts on human 
health, ecosystems and materials that may elicit a societal Response that feeds back on 
the Driving forces, or on the state or impacts directly, through adaptation or curative 
action‘. Following this framework, decision makers should be able to take informed 
decisions (responses) based on the knowledge of the cause-effect mechanisms provided 
by science.  
Nevertheless, scientific findings do not lead straight to political conclusions, and the 
relationship between science and decision making is a debated issue, which has been 
extensively discussed in many disciplines. 
 
2. Cost function method 
 
This method deals with the financial evaluation of technologies based on cost functions. 
The formulation is generally applicable and always starts with the determination of the 
kind of cost function that better represents the energy technology in question. 
There are two general methods of calculating the embodied energy cost of goods and 
services: process analysis and input-output analysis. Both process and input-output 
analyses condense the use of energy in production into two general types: fuel burned at 
the site of energy extraction (direct fuel use), and fuel burned in other sectors to produce 
the materials purchased and used as inputs at the site of extraction (indirect fuel use). 
Process analysis and energy input-output analysis, and variants of each, differ in the 
way the flow of material is traced through the extraction process, the types of energy 
costs included in the analysis (e.g., just fuel, or fuel, capital, and labor), and the energy 
equivalents assigned to the three factors of production. As a result, the methods give 
somewhat different values for embodied energy even when applied to the same set of 
data.  
Once the method is chosen, it is sufficient to compare the cost function representing 
each technology for any given amount of energy produced and evaluate which one 
could be better for any amount. 
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3. Net energy analysis 
 
Another technique for evaluating energy systems is the net energy analysis, which seeks 
to compare the amount of energy delivered to society by a technology to the total 
energy required to find, extract, process, deliver, and otherwise upgrade that energy to a 
socially useful form. Energy return on investment (EROI) is the ratio of energy 
delivered to energy costs.  
 
𝐸𝑟𝑜𝑖 =  
𝐸𝑛𝑒𝑡
𝐸𝑠𝑒𝑙𝑓 + 𝐸𝑝𝑢𝑟𝑐 𝑕𝑎𝑠𝑒𝑑
 
 
Where Enet is the net amount of energy that accrues to society; Eself is the amount of 
energy scattered during the process of transformation; Epurchased is the total amount of 
other energies burned during the process. Energy purchased includes the direct and 
indirect energy required to produce a unit of energy. Direct energy is the fuel or 
electricity used directly in the extraction or generation of a unit of energy. An example 
is the natural gas burned in engines that pump oil to the surface. Indirect energy is the 
energy used elsewhere in the economy to produce the goods and services used to extract 
or generate energy. An example is the energy used to manufacture the drilling rig used 
to find oil.  
Both the energy product and the embodied energy can be expressed in common physical 
units of measurement, such as Btus. To calculate the energy cost of energy we must be 
able to quantify in energy terms the fuel, capital, materials, and labor used in the 
extraction and processing of the energy in question. 
The calculation of the EROI and its variants reflects the desire to arrive at a single 
number for a system‘s performance. But to do so the analyst must add up and compare 
many different forms of energy. 
Biophysical and ecological economists argue that net energy analysis has several 
advantages over standard economic analysis. First, net energy analysis assesses the 
change in the physical scarcity of energy resources, and therefore is immune to the 
effects of market imperfections that distort monetary data. Second, because goods and 
services are produced from the conversion of energy into useful work, net energy is a 
measure of the potential to do useful work in economic systems. Third, EROI can be 
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used to rank alternative energy supply technologies according to their potential abilities 
to do useful work in the economy. Most neoclassical economists reject methods of 
economic analysis that are not based on human preferences, arguing that net energy 
analysis does not generate useful information beyond that produced in a thorough 
economic analysis.  
 
4. Markal-Times model 
 
Markal-Times models represent explicitly hundreds of commodities and technologies of 
an energy system from primary extraction to the demand for energy services, along the 
chains of transformation and transmission processes. Present energy systems are 
represented by technology explicit stepwise supply and demand curves and projected to 
the future to produce energy environment scenarios. The model generators are 
supplemented by an Energy Technology Data Source (E-TechDS), where the most 
important energy technology clusters are each characterized by summaries, tables, 
graphs and references. 
A global multi-regional Markal model is at the heart of the Energy Technology 
Perspective project which was developed by the IEA secretariat that issues the ETP 
reports. The technological detail, combined with a climate module and stochastic 
methodologies, enables the global multi-regional Times Integrated Assessment Model 
(ETSAP-TIAM) to identify robust and hedging climate change mitigation strategies. 
The Markal-Times modeling kit is used to generate models at the global, regional, 
national and local level. Making use of a multi-objective approach it provides decision 
makers with scenarios where energy systems costs, security of supply, and emissions 
and technological risk are optimally traded off. 
The 18 contracting parties benefit from free use of the tools, the ANSWER and VEDA 
data base management systems, the global multi-regional TIAM model and the E-
TechDS. There are hundreds of licensed ETSAP tools users in almost 70 countries. 
 
5. Pan European TIMES model 
 
The Pan European Times (PET) Model is a multi-regional technical economic 
optimization model built with TIMES (The Integrated MARKAL-EFOM System).  
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 The PET has been originally developed in the NEEDS project (FP6 Integrated Project 
on New Energy Externalities – Developments for Sustainability)  
In the framework of RES2020 it has been extended to deal with renewable energies in 
more detail and to include renewable policy options. In this model the energy systems 
of each one of the thirty countries are modeled separately in detail.  
The Pan European Model is then synthesized by allowing trade of energy commodities 
among the countries. This model has been used as a starting point for building the 
RES2020 model. The level of analysis per sector of economic activity in each country, 
in the NEEDS-Pan European model, is rather detailed. On the energy demand side the 
residential, commercial, agricultural, industrial, and transport sectors are analyzed. On 
the electricity demand side, the electricity and heat production is analyzed in detail, the 
refineries are modeled using a generic refinery structure and the mining and extraction 
of primary energy resources are modeled using a cost supply curve. The electricity 
production sector is divided into public power plants and CHP plants, and auto 
production electricity power plants and CHP plants in the industrial and commercial 
sector. Nuclear power plants are modeled separately as well as discrete heating 
installations.  
The high, medium and low voltage grids are included in the model, with different type 
of technologies being able to produce at different voltage, modeling distributed 
generation in this way. There are also two separated heat grids for high temperature and 
low temperature heat. 
 
6. TIME Integrated Assessment Model 
 
The TIME Integrated Assessment Model (TIAM) comprises several thousand 
technologies in all sectors of the energy system. It is characterized by several technical 
and economic parameters and by emission coefficients for the three main GHG‘s: CO2, 
CH4, and N2O. The following new features have been added to TIMES: linearised 
climate equations; multi-stage stochastic programming; new formulation for the forcing 
equation (linear approximation of forcing), allowing greater flexibility and power to the 
ETSAP-TIAM; and the possibility of binding each and every component of the cost 
objective function. 
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7. Multiple-criteria decision making 
 
Energy technology decision making can be viewed as multiple criteria decision-making 
problem. Traditional single criteria decision-making, infact, cannot handle the 
complexity of current systems and so the problem of evaluating energy technologies. 
Multi-criteria methods provide a flexible tool that is able to handle and bring together a 
wide range of variables appraised in different ways and thus offer useful assistance to 
the decision maker in mapping out the problem. As this work will demonstrate, multi-
criteria analysis can provide a technical-scientific decision-making support tool that is 
able to justify its choices clearly and consistently, especially in the energy sector. 
Multi-criteria decision making (MCDM) is a branch of operation research models and a 
well known field of decision making. These methods can handle both quantitative as 
well as qualitative criteria and analyze conflict in criteria and decision makers. Several 
classification and categorization exist but in general these methods can be divided into 
two categories: multi-objective decision-making (MODM) and multi-attribute decision-
making (MADM). In MODM, the decision problem is characterized by the existence of 
multiple and competitive objectives that should be optimized against a set of feasible 
and available constraints rather than, as in MADM, the evaluation of a set alternatives 
against a set of criteria. MADM is one of the most popular MCDM methods to be 
adopted to solve problems associated with different perspectives. They contain several 
different methods of which the the most important are Analytic hierarchy process 
(AHP), Preference Ranking Organization Method for Enrichment Evaluations 
(PROMETHEE), Elimination Et Choix Traduisant la REalité (ELECTRE) and Multi-
Attribute Utility Theory (MAUT). The comparison of MCDM methods related to 
energy is largely discussed in the literature 
A descriptive summary of the most commonly used multi-criteria decision-making 
methods is presented below: 
 Analytic Hierarchy Process (AHP): A MADM method was first introduced by 
Thomas L. Saaty in the ‗70s. In AHP, the problem is constructed as a hierarchy 
breaking down the decision top to bottom. The goal is at the top level, criteria 
and sub-criteria are in middle levels, and the alternatives are at the bottom layer 
of the hierarchy. Input of experts and decision makers is considered as pair-wise 
comparison at the best alternative can be selected according to the highest rank 
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between alternatives. Chatzimouratidis, A.I., Pilavachi use this methodology for 
the evaluation of a lot of aspects of energy criteria. In almost all their papers 
Chatzimouratidis, A.I. and Pilavachi, P.A. reach the conclusion that the AHP 
method leads to the conclusion that renewable energy power plants are the best 
solutions for the future. The main problem of their analysis is in the fact that 
they use a measurement scale based on the ―intensity of importance of the 
criterion for the technology‖, that is basically a subjective consideration. Small 
variations in the pair-wise evaluation can actually bring either to a dramatic 
variation of the results, or to a substantial variation and no sensitivity analysis is 
done. 
 Analytic Network Process (ANP): The ANP methodology is a general form of 
the AHP, both were introduced by Saaty. Although AHP is easy to use and 
apply, its unidirectional relationship, characteristic cannot handle the complexity 
of many problems. ANP, however, deals with the problem as a network of 
complex relationships between alternatives and criteria where all the elements 
can be connected. Cheng and Li work is an empirical example that illustrates the 
use of ANP. 
 Preference ranking organization method for enrichment evaluation 
(PROMETHEE): this method is characterized by ease of use and decreased 
complexity. It uses the outranking principle to rank the alternatives and performs 
a pair-wise comparison of alternatives, in order to rank them with respect to a 
number of criteria. 
 The elimination and choice translating reality (ELECTRE): This method is 
capable of handling discrete criteria of both quantitative and qualitative in nature 
and provides complete ordering of the alternatives. The analysis is focused on 
the dominance relations between alternatives. It is based on the outranking 
relations hips and exploitation notions of concordance. The out-ranking method 
uses pair-wise comparison between alternatives. 
 The technique for order preference by similarity to ideal solutions (TOPSIS): 
The basic concept of this method is that the selected alternative is the one that 
has the best value for all criteria, i.e. has the shortest distance from the negative 
ideal solution. 
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 Multi-attribute utility theory (MAUT): This is one of the most popular MSDM 
methods. The theory takes into consideration the decision maker‘s preferences in 
the form of the utility function which is defined over a set of attributes, where 
the utility of each attribute or criterion doesn‘t have to be linear. 
 
There are many discussions in the literature about which MCDM methodology is better 
to use, and controversy about which is the ―right‖ method to apply to the real life 
problems.  Usually a combination of two or more methods is proved to be the best 
choice. 
 
8. Data envelopment analysis (DEA)  
 
Data envelopment analysis is a nonparametric method in operations 
research and economics for the estimation of production frontiers. It is used to 
empirically measure productive efficiency of decision making units (or DMUs). 
Although DEA has a strong link to production theory in economics, the tool is also used 
for benchmarking in operations management, where a set of measures is selected to 
benchmark the performance of manufacturing and service operations. In the 
circumstance of benchmarking, the efficient DMUs, as defined by DEA, may not 
necessarily form a ―production frontier‖, but rather lead to a ―best-practice frontier‖ 
(Cook, Tone and Zhu, 2014). DEA is referred to as "balanced benchmarking" by 
Sherman and Zhu (2013). Non-parametric approaches have the benefit of not assuming 
a particular functional form/shape for the frontier, however they do not provide a 
general relationship (equation) relating output and input. There are 
also parametric approaches which are used for the estimation of production frontiers 
(see Lovell & Schmidt 1988 for an early survey). These require that the shape of the 
frontier be guessed beforehand by specifying a particular function relating output to 
input. One can also combine the relative strengths from each of these approaches in a 
hybrid method (Tofallis, 2001) where the frontier units are first identified by DEA and 
then a smooth surface is fitted to these. This allows a best-practice relationship between 
multiple outputs and multiple inputs to be estimated. 
"The framework has been adapted from multi-input, multi-output production functions 
and applied in many industries. DEA develops a function whose form is determined by 
the most efficient producers. This method differs from the Ordinary Least 
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Squares (OLS) statistical technique that bases comparisons relative to an average 
producer. Like Stochastic Frontier Analysis (SFA), DEA identifies a "frontier" on 
which the relative performance of all utilities in the sample can be compared: DEA 
benchmarks firms only against the best producers. It can be characterized as an extreme 
point method that assumes that if a firm can produce a certain level of output utilizing 
specific input levels, another firm of equal scale should be capable of doing the same. 
The most efficient producers can form a 'composite producer', allowing the computation 
of an efficient solution for every level of input or output. Where there is no actual 
corresponding firm, 'virtual producers' are identified to make comparisons" (Berg 2010). 
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Chapter V 
 
The Model 
 
The purpose of this study is to build a model for the assessment of 10 types of power 
plants available at present time in Italy in terms of their overall impact on the living 
standard of Italians. The study includes fossil fuel as well as renewable energy-based 
power plants. Both positive and negative impacts of power plants operation are 
considered using the Goal Programming method. The choice of this method partially 
takes the distances from the general trend and surely is a novelty for Italian analysis. It 
is, in fact, the first attempt of analyzing Italian power plants by a multiobjective method.  
The reasons why Goal programming is used are multiple: 
 Firstly, as all the articles present in literature underline, in order to fully develop 
the problem we need to consider a lot of criteria and GP, being a multiobjective 
programming method, satisfies this requirement. 
 Secondly, we want to build an objective model in which, although there are 
always some decisions to be taken by the user, the basic structure remains stable 
and utilizable also if data change, as will obviously happen in the context of 
energy as time flows. This is the main reason why AHP, which is the most 
commonly used method in the literature, (and in particular in all the papers by 
Chatzimouratidis, A.I., Pilavachi that are some of the main references for our 
work), was not used here.  
 Thirdly, we want to give the user the possibility of making a sensitivity analysis 
in order to establish if and how results will change due to a change in the 
weights give to the criteria. 
 Finally, our purpose is to try to invert the model in order to compare the results 
of the analysis with actual Italian Energy portfolio. 
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The assessment of any energy technology requires firstly a selection of the criteria to be 
used. This choice is completely done by the user, which can decide what is important or 
not for the attainment of the goal. In this analysis 14 criteria are taken into consideration 
and are organized in the way described by the following hierarchy tree. 
 
1. Hierarchy tree 
 
The hierarchy tree is constructed with the goal on the left.  
The main goal is the choice of the energy technology which maximizes the living 
standards of society, insofar they are affected by the operation of power plants.  
The term living standard impact of power plants‘ operation has three main constituents: 
 the improvement of the quality of life by reducing the drawbacks of power plant 
operation, 
  the evaluation of technological qualities of power plants, which implies an 
evaluation also in terms of sustainability, 
 the evaluation of the positive and negative socioeconomic aspects. 
 
All these criteria are listed in level 2 of the tree. 
Level 3 comprises the chosen subcriteria for each criterion. They represent the measures 
we dispose of about each plant. 
The sub-criterion ―Non radioactive emissions‖ in turn has five subcriteria that are listed 
in the fourth level of the tree. 
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2. Criteria and indicators 
 
A brief description of the criteria and indicators used for the evaluation follows. 
 
a. Quality of life  
 
The concept of quality of life was first introduced with the emergence of social welfare 
states in the early 1960s. The concept incorporates two major dimensions: objective 
living conditions as well as subjective well-being. Subjective well-being relies on the 
perception, evaluation and appreciation of life and living conditions by the individual 
citizens. Scientific researchers deal with the question of how to measure „quality of 
life‖ and how the factors influencing quality of life can be assessed adequately. These 
questions brought fourth social indicator research. According to Bauer (1966), social 
indicators were defined as ―statistics, statistical series and all other forms of evidence 
that enable us to assess where we stand and are going with respect to our values and 
goals‖ (Bauer 1966: 1) In the 1960s a ―social indicator movement‖ (Lass and Reisswig 
2001: 17) was initiated, which persists until today. While in the 1960s social indicators 
were primarily developed to assess societies economic growth, social indicators are 
nowadays adopted in a broader sense and are also related to the assessment of 
technologies or the assessment of political strategies, especially in reference to 
sustainable decision making strategies. The amount of social indicator development and 
categorization lead to different surveys on indicators. The lack of theoretical agreement 
is accompanied by a lack of empirical strategies to identify basic functional 
requirements through observation and experimentation. Therefore the usage of social 
indicators in a methodologically and theoretically comprehensive way has to be assured. 
Facing this challenge, the development of social indicators to be used within the 
European Union in a comprehensive and harmonized way is part of the project funded 
by the European Union ―New Energy Externalities Development for Sustainability‖.  
In this project quality of life comprises four subcriteria, which are accident fatalities, 
non-radioactive emissions, radioactivity and land requirement. These subcriteria are 
used to measure the negative effects of power plants on people‘s living standard. The 
lower the values of these criteria, the better the quality of people‘s life in the areas 
where the power plants are located. 
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 Accident fatalities 
 
Accident fatalities refer to lost lives of workers and public over the period from 1970 to 
1992. Table 1 shows the normalized number of lost lives for each type of power plant 
over that period (Ball et al., 1994; Hirschberg et al., 1998). In order for the figures to be 
comparable, deaths of workers and public for that period are measured for each TW of 
established power for each type of power plant per year. Dam failures and the resulting 
floods have caused a great number of deaths and massive disruption in social and 
economic activities with the displacement of entire towns (Hirschberg et al., 2004, 
1998; Uranium Information Centre (UIC) Ltd., 2003). Severe coal mine accidents 
causing several hundred deaths are not rare. They are mainly due to huge amounts that 
must be mined and transported to supply even a single large power station. Mining and 
multiple handling of so much material involve hazards, and these are reflected in 
statistics. Explosions and major fires in the oil and gas industry have involved both 
occupational and public fatalities and injuries. 
Accident fatalities is a measurable indicator in contrast to many others such as long-
term morbidity and mortality, economic and environmental damage, and people‘s 
displacement, which are difficult to measure accurately (Ottinger et al., 1991). Maturity 
of technology, quality and maintenance of equipment, and safety and environmental 
controls are of great importance for the drastic reduction of accident fatalities. 
 
 Non-radioactive emissions 
 
Non-radioactive emissions released by power plant operation comprise emissions such 
as Solid waste, CO2-eq, NOx, SO2, and Particulate Matters. These emissions, either 
gaseous or in small particles, refer to the whole power plant life cycle and depend 
mainly on the technology used and on the fuel quality. They tend to affect people‘s 
respiratory system, cause cancer, cardiovascular and vision problems (Lo´ pez et al., 
2005) and are responsible for ecosystem instability and the global warming effect. Acid 
rain caused by some of them is also responsible for crop damage, buildings‘ decay and 
negative consequences to people and animals through the introduction of poisonous 
substances into the food chain. Each type of power plant releases different amounts of 
substances in its life cycle operation from construction and operation till its 
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decommissioning. The technology involved and fuel quality can substantially 
differentiate emissions (Bond et al., 2006). CO2, which is one of the worst gases that 
contribute to the greenhouse effect, is mainly released through the combustion of 
coal/lignite, oil and natural gas. Progressive clearing of the world‘s forests also 
contributes to the greenhouse effect by diminishing the removal of atmospheric CO2 by 
photosynthesis. NOx are mainly released by the combustion of fossil fuels and biomass. 
There are several types of biomass and methods of cultivation, so divergence of data is 
somewhat natural. The NOx emissions from a willow-based power plant (including 
emissions during willow growth and willow combustion) can also be lower than the 
emissions from a coal or natural-gas-fired power plant, depending on the field 
conditions. SO2 is another harmful gaseous emission of coal/lignite, oil and combined 
cycle natural gas power plants. When coal with say 2.5% sulphur is used to produce 
electricity for one person in an industrialized country for 1 year, then about 9 tones of 
CO2 and 120 kg of SO2 are produced. Although it is possible to remove a lot of SO2 
from coal stack gases, the cost is considerable. PM, which is the worst type of emission 
for human health, as it is the primary cause for the rise of mortality and morbidity in the 
vicinity of power plants, is mainly released by coal/lignite and oil as well as biomass 
and photovoltaic power plants (during their cell construction). The risk for human 
health depends on size, distribution, microstructure and chemical composition of 
particulate released into the atmosphere (Braga et al., 2005; Qin et al., 2006; Zhang et 
al., 2005). 
 
 Radioactivity from operation 
 
Small amounts of radioactivity are released to the atmosphere from both coal-fired and 
nuclear power stations. In the case of coal combustion, small quantities of uranium, 
radium and thorium present in the coal produce various levels of radioactive fly ash. 
The main sources of radiation released from coal combustion include not only uranium 
and thorium but also daughter products produced by the decay of these isotopes, such as 
radium, radon, polonium, bismuth and lead. Although not a decay product, naturally 
occurring radioactive potassium-40 is also a significant contributor. 
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 Land requirement 
 
Every power plant occupies some land. The land required by each power plant is a 
matter of great concern for their evaluation. Land is valuable, especially when power 
plants are located near metropolitan areas. Quality of life is affected directly by the land 
occupied by plants as it could have been used for the creation of parks and recreation 
centers. Optical disturbance caused by the buildings and noise from power plant 
equipment, such as wind generators, is difficult to be financially assessed but definitely 
negatively affects the quality of life. Apart from optical and noise disturbances caused 
by buildings and equipment, excavations, tunnels and other work necessary for plant 
operation destabilize the flora, the fauna and the ecosystem in general. 
Land requirement includes not only the power plant itself but also the land required for 
the fuel production. As a result, biomass power plants require huge areas of about 5000 
km
2
/GW in comparison to fossil fuel power plants that require on average 2.5km
2
/GW 
of installed power. Geothermal plants require about 18km
2
/GW, and photovoltaics 9 
km
2
/GW. 
 
b. Technology and sustainability 
 
Technology and sustainability factors were grouped together, because the more 
technically perfect a power plant the more is its contribution to sustainable 
development. These factors are the power plant efficiency coefficient, the availability, 
the capacity factor and R/P ratio. The greater the value of a subcriterion, the better the 
performance of the power plant type.  
 
 Efficiency coefficient 
 
The efficiency coefficient is the ratio, expressed as a percentage, of the output energy to 
the input energy. Efficiency refers to how much useful energy (electricity, in this case) 
we can get from an energy source. It is generally accepted that efficiency improvement 
that is consistent with high plant reliability and low cost of electricity is economically 
beneficial (Bee´ r, 2007). A 100% energy efficient machine would change all its energy 
input into useful energy. It would not waste any energy. However, some energy is 
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always lost when one form of energy is converted to another. Because a percentage of 
input energy is lost during its conversion to electricity, efficiency is always < 100%. No 
machine is 100% energy efficient. The lost energy is usually in the form of heat, which 
dissipates into the air and cannot be used again economically. For example, a boiler is 
75% efficient when its product (steam) contains 75% of the heat theoretically contained 
in the fuel consumed. All automobile engines have low efficiency (below 30%) because 
of the total energy content of fuel converted to heat; only a portion provides motive 
power, while a substantial amount is lost in radiator and car exhaust. 
 
 Availability  
 
The availability of a power plant is the amount of time that it is able to produce 
electricity over a certain period, divided by the amount of time in the period. A power 
plant can be out of service due to maintenance or repairs or due to weather conditions 
such as the lack of sunlight or wind. Occasions where only partial capacity is available 
are not taken into account. The quality of the equipment, its maintenance, the type of 
fuel, the design of the plant and how the plant is operated play a great role in its 
availability. Everything else being equal, plants that are run less frequently have higher 
availabilities because they require less maintenance. 
 
 Capacity factor 
 
The capacity of a power plant is the amount of electricity that it produces over a period, 
divided by the amount of electricity it could have produced if it had run at full power 
over that period. Capacity should not be confused with availability. Furthermore, the 
two criteria have different quality features (the one refers to time and the other to an 
amount of electricity) and different values for the different power plants, so both of 
them should be incorporated in the overall evaluation. Capacities vary greatly 
depending on the type of fuel that is used and the design of the plant. Hybrid power 
plants like solar-geothermal can increase the capacity. The capacity is not 100% mainly 
for three reasons. The first reason is equipment that could be out of service, either due 
to failures or due to routine maintenance. This accounts for most of the unused capacity 
of base load power plants. Base load plants have the lowest costs per unit of electricity 
produced, because they are designed for maximum efficiency and are operated 
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continuously at high output. Coal and biomass plants that burn solid fuel are almost 
always operated as base load plants. The second reason for the plant having a capacity 
lower than 100% is that its output is curtailed, because electricity is not needed or 
because the price of electricity is too low to make production economic. Peaking plants 
may operate only a few hours per year or up to a several hours per day. Their electricity 
is relatively expensive. It is uneconomic, even wasteful, to make a peaking power plant 
as efficient as a base load serving plant, because they do not operate enough to pay for 
the extra equipment cost, and perhaps not enough to offset the embodied energy of the 
additional components. The third reason is that weather conditions cannot be forecasted 
for a long period for photovoltaic and wind plants. In such cases the capacity is 
evaluated by the development of long-term patterns (Sinden, 2007) or the application of 
probabilistic wind speed data (Chang and Tu, 2007).  
 
 Reserves-to-production(R/P) ratio 
 
The R/P ratio calculates the availability (in years) of a certain type of fuel according to 
current consumption and the annual consumption increase/decrease rate of each non-
renewable energy source for electric power generation. When evaluating the amount of 
fuel, only well-known sources that can be really exploited are considered. Several types 
of model like the exponential, harmonic and mechanistic Li–Horne models are used 
frequently to estimate reserves and to predict the production of oil and gas (Li and 
Horne, 2007). Non-economic extraction or exploitation of fuel is not considered. 
Renewable sources of energy last forever. So in order to express this relation as a figure, 
the AHP has been used. In AHP, the relation of renewable energy to fossil fuel R/P ratio 
can be expressed by pair wise comparing them. Pair wise comparisons are made using a 
measurement scale used by the AHP. When comparing two items A and B, the irrelative 
importance is expressed either numerically or verbally. For example, if under a certain 
criterion, A is strongly more important than B, then the cell of the table that is the 
section of row A and column B is filled with number 5 or the phrase ―strongly more 
important‖. Nevertheless intermediate values have no major impact on the final results. 
  
 A Goal Programming based model for the assessment of Energy technologies in Italy 
 
 61 
 
 
c. Socio-economic criteria 
 
Economic implications are important in every aspect of our life. When trying to make a 
decision for the best power plant, several costs should be taken into account. These 
costs are the capital costs, the O&M costs, the fuel costs and the external costs. The 
lower the costs, the better the performance of the power plant type. 
 
 Capital costs 
 
Capital costs comprise of land cost, the costs of the necessary buildings and of all the 
necessary equipment for the operation of the plant. Labor costs or costs for the 
equipment maintenance are not included in capital costs. Nuclear and coal-fired units 
are characterized by high capital costs and low operating costs. As such, they are 
candidates for base load operation only. Gas-fired generation is characterized by lower 
capital costs and higher operating costs, and thus may meet the requirements for 
operation as peaking and/or base load generation. All renewable energy power plant 
types and especially photovoltaics have great capital costs. 
Oil power plants have the lowest capital costs and can be combined in hybrid wind-
diesel power plants to offset the high capital costs of wind power plants providing one 
of the most cost-effective and environmental friendly alternatives for isolated 
consumers in areas with high wind potential, like the Aegean sea islands.  
Capital costs are evaluated according to the power plant capacity in h/kW and can vary 
substantially, especially for renewable energy power plant types as hydro power, wind, 
photovoltaics and geothermals. 
 
 Operations and maintenance (O&M) costs 
 
Operational costs include wages of the employees, and the funds spent for the energy, 
the products and services for the power plant operation. To prolong power plant life and 
avoid failures that may lead to its operation suspension, maintenance is necessary. The 
funds spent for maintenance are less than the financial damage obtained from a power 
plant failure and increase the credibility and confidence index of the plant. 
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 Fuel costs 
 
Fuel is any material that is capable of releasing energy when it‘s chemical or physical 
structure is changed or converted. An important property of a useful fuel is that its 
energy can be stored to be released only when needed, and that the release is controlled 
in such a way that the energy can be harnessed to produce work. Fuel costs refer to 
funds spent for the provision of raw material necessary for power plant operation. Fuel 
costs may include extraction or mining, transportation and possible fuel processing to be 
used in a power plant. They also include the possible disposal cost of waste produced by 
its use. Nevertheless, fuel costs do not include the social, health and environmental 
costs, such as gaseous and particulate emissions. These costs are included in external 
costs. Fuel costs may vary considerably in different time periods and areas as a result of 
several reasons, including demand, production and policy matters. In many cases, 
probabilistic analysis is applied to forecast fuel costs. 
 
 External costs 
 
An externality is produced when the economic activity of one actor (or group of actors) 
has a positive or negative impact on the welfare function of another actor (or group of 
actors) and when the former fails to be fully compensated, or to fully compensate the 
latter, for that impact. Externality is one type of failure of markets that causes 
inefficiency. This definition is most often used in the context of negative environmental 
externalities such as air pollution, which damages human health, crops or materials. It 
should be noted that, under this definition, environmental pollution would not be an 
externality if those who suffer from the negative impacts of that pollution were fully 
compensated.  
But, since pollution is one of the most important negative effect in energy context, we 
will define the external costs as those costs incurred in relation to health and the 
environment and quantifiable, but not built into the cost of electricity. External costs are 
the funds paid for the restoration of bad side effects of power plant operation on human 
health and the ecosystem. They aim at restoring people‘s quality life degradation and 
they are calculated based on the life cycle external costs of power plants (Organization 
for Economic Cooperation and Development (OECD), 2003). The internalization of 
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external costs in the power generation sector can be assessed with several models and 
will increase the competitiveness of non-fossil generation sources and fossil power 
plants with emission control. 
As a conclusion, external costs should be incorporated in the overall electricity 
generation cost. In that way, there will be a common base for comparison of the several 
power generation technologies examining every economic aspect of them. It is very 
difficult to compute external costs for Italian plants because there is no system of 
taxation or regulation which helps us, so in many cases the analysis is guided by other 
EU members‘ situation. 
 
 Job creation 
 
Power plants employ many people during their life cycle, from construction and 
operation till decommissioning. Local societies where plants were established based 
their development and prosperity on them for many decades.  
The total number of jobs created by a power plant considers both people working 
directly into the plant and people working for the creation, transformation and 
transportation of fuel and wastes. 
It is important to underline the fact that each process employing workforce to be 
considered must take place in Italy, since we want to evaluate the optimality of 
technologies for the Italian situation. This means, for example, that oil power plants‘ job 
creation does not imply extraction and refining of oil, while biomass power plants‘ 
implies also unities employed to produce and transport biomass. 
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Advanced Fossil Fuel Power Generation  
 
 
  
Criteria Coal Oil OCGT NGCC 
Accident fatalities 
(Death/TWh) 
161 36 4 4  
Radioactivity 
(Person-rem/year in 1GWp.p.) 
490 0 0 0  
Land requirement 
(Km2/GW) 
2.5 2.5 2.5 2.5  
Non 
radioactive 
emissions 
(Kg/Mwh) 
CO2 725 649 530 370  
SO2 0.05 5.3 0 0  
NOx 0.07 2.1 0.5 0.03  
PM10 0.015 4.8 0 0  
SW 65 0.01 0 0  
Efficiency coefficient 
(%) 
38.3 37 22 51  
Availability 
(%) 
85.4 85 28 28  
Capacity factor 
(%) 
70.8 26.2 16.6 38.2  
R/P ratio 97 33.7 7 7  
Technical lifetime 
(Years) 
40 25 30 30  
Capital costs 
(€/kW) 
340 483 550 531  
O&M costs 
(€/kW) 
60 50 10 5  
Fuel costs 
(€cent/kWh) 
1.31 1.84 2.5 2.5  
External costs 
(€cent/kWh) 
8.4 6.75 2 2  
Job creation 
(person-year/GWh) 
72 72 60 63  
Table I, Advanced fossil fuel power generation real data 
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Renewable energy technologies 
 
 
 
  
Criteria Hydro Wind Photovoltaic Biomass Geothermal Fuel cells 
Accident fatalities 
(Death/TWh) 
0.1 0.15 0 12 0 0 
Radioactivity 
(Person-rem/year in 1GWp.p.) 
0 0 0 0 0 0 
Land requirement 
(Km2/GW) 
750 100 8 5000 18 2.5 
Non radioactive 
emissions 
(Kg/MWh) 
CO2 0 0 0 0 0 430 
SO2 0 0 0 0.045 0 0 
NOx 0 0 0 0.063 0 0.035 
PM10 0 0 0 0.02 0 0 
SW 0 0 0 0.07 0 0 
Efficiency coefficient (%) 100 100 100 30 10 51 
Availability 
(%) 
98 46 17 87 95 92 
Capacity factor 
(%) 
45 22.5 22.4 83.5 82.5 91 
R/P ratio Inf Inf Inf Inf Inf Inf 
Technical lifetime  
(Years) 
100 30 30 25 50 20 
Capital costs 
(€/kW) 
2417 2010 2500 1450 2400 5000 
O&M costs 
(€/kW) 
85 35 80 200 245 12.7 
Fuel costs 
(€cent/kWh) 
0 0 0 20 0 2.5 
External costs 
(€cent/kWh) 
0.56 0.16 0.24 2.65 0.2 1.8 
Job creation 
(person-year/GWh) 
72 48 124 405 390 338 
Table II, Renewable energy technologies real data 
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As can be seen in the two tables, each criterion has a definite unity of measure. In order 
to let real data become utilizable in the model, we need to harmonize them by doing a 
scalarization.  
The best performance for each characteristic, will receive a score of 100, that will be the 
maximum. This is done by dividing the real value by an appropriate constant. All other 
data for the same criterion are divided by the same constant obtaining a scale in which 
the worst performance will have the minimum score.  
At the end all the criterion for each technology will have a score between 1 and 100.  
 
The scorings obtained are shown in Table III. 
 
 
Table III, Scores 
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3. Assumptions 
 
In order to build a model representing the objectives described on the tree we need to 
make some assumptions: 
a. Linearity of variables. Decision variable variation with respect to all model criteria 
and constraints are assumed to be linear. 
b. Invariance of data. Data used for the model are, as far as possible, chosen for the 
latest year. Whenever the data chosen are not for the current year (2014), it is 
assumed they did not change during the interim period. This assumption is 
particularly important when obtaining the employment generation potentials of 
those options for which data are not available for the current year. However, for 
current purposes, only the relative employment generation potentials (not absolute 
figures per se) are relevant. Hence, this assumption does not limit the applicability 
of the model. 
c. Homogeneity of databases. Different sources of data make different assumptions, 
which may lead to wrong evaluations, so it is predictable to use for all plants the 
same sources of information for each criterion. 
 
4. Criteria weights  
 
Criteria weights denote the importance of each criterion and subcriterion when 
synthesizing the scoring of the ten types of power plant against each of them. Criteria 
importance in each level is assessed with respect to their parent. The criteria weights are 
extracted subjectively, following the perceived main objectives of Italian and European 
energy policies.  While objective data are difficult to alter, subjective assessments can 
vary among decision makers with different culture, education and experiences. To 
overcome this obstacle, sensitivity analysis can be used to analyze how a variation of 
criteria weights would affect the partial and overall results. In this way, any data 
alterations will lead to projected results thus giving the management or the politicians 
the opportunity to cope with them instantly and efficiently. 
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 Weights of quality of life, technology and sustainability and socioeconomic 
factors. 
 
The tree main criteria of power plant evaluation presented in the hierarchy tree are 
quality of life, technology/sustainability factors and socioeconomic factors. The 
decision maker has to choose which of these tree is more important and to what extent. 
This, of course, is subjective and there could be many different assessments. In this 
study, quality of life is assumed to be the most important criterion, not only because 
future generations to come have to be assured, but also because the main objective of 
the Kyoto protocol described in chapter 3 is the reduction of emissions. 
Among the remaining two criteria we will give a higher importance to the technology 
and sustainability one, firstly in order to satisfy the Directive on Energy Efficiency of 
2012, and secondly because we are convinced that a better technology will lead to a 
reduction also of economic aspects in the long run. 
 
 Weights of accident fatalities, non-radioactive emissions, radioactivity and 
land requirements. 
 
Accident fatalities, non-radioactive emissions, radioactivity and land requirements 
belong to the same group of subcriteria in level 3 of the hierarchy tree and their 
importance is assessed with respect to their parent, that is the quality of life criterion.  
Nonradioactive emissions are moderately more important than accident fatalities. This 
is because during a power plant‘s life cycle, long-term mortality caused by gaseous and 
PM emissions leads to many more deaths of the employees and the local community 
than the instant fatalities caused by an accident. The effect of non-radioactive emissions 
is treacherous as their consequences are not tangible, but much more mischievous at the 
end. Radioactivity has similar effects to non-radioactive emissions and its weighting is 
moderately more important than accident fatalities. Accident fatalities are definitely 
strongly more important than land requirement because lost lives cannot be 
compensated by any land requirement. Human lives are our first priority and in order to 
reduce accident fatalities one would offer greater, even more expensive land. When 
pairwise comparing non-radioactive emissions with radioactivity, in the long run the 
former has a rather worse effect than the latter. 
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This is obvious because both radioactivity and non-radioactive emissions are 
responsible for a great number of health problems, ranging from cardiovascular and 
respiratory problems to cancer and a great increase of morbidity and mortality, but since 
in Italy no Nuclear power plant is present, when considering radioactivity we mean just 
the Coal fired power plants‘ one, that is not so high and less dangerous than what one 
can imagine.  
We can go more in dept in the field of non-radioactive emissions providing a greater 
disaggregation. The five most important non-radioactive emissions can be assessed both 
subjectively and objectively. Their objective assessment is based on the price that 
should be paid for every kilogram of each substance released to the atmosphere as a 
compensation for the damage it causes to human health and the environment. The 
subjective judgment is based on the assessment of experts as to the percentage 
contribution of each substance to the overall health and ecosystem deterioration. A 
detailed description of both evaluations (objective and subjective) as well as their 
synthesis is presented in Chatzimouratidis and Pilavachi (2007). In the paper objective 
evaluation is achieved by expressing the impact of each emission released in monetary 
terms following generally accepted market rules, international agreements and 
protocols. That is, the Euro per kilogram of each emission exceeding a specific limit 
that should be paid as a penalty for environmental pollution and human health damage. 
An estimation of this cost is given by the European Union Emission Trading scheme. 
EU-ETS, aims to help EU Member States to fulfill their obligations to limit or reduce 
emissions of greenhouse gases in a cost effective manner. The fact that the companies 
participating in the scheme may buy or sell emission rights can reduce emissions at least 
cost.  
Subjective assessment requires an intuitive expression of the percentage of damage to 
human health and to the ecosystem that each emission causes. PM plays the most 
important negative role to health and to the ecosystem with a percentage of 45.4%, CO2 
and other GHG follow with 17.5%, nitrogen oxides (NOx) with 15.6%, sulphur dioxide 
(SO2) with 14% and Solid waste with 7.5%. 
Sensitivity analysis is then used in order to examine how change of input data affects 
final results. Finally, 10 main types of power plant are evaluated according to the level 
and kind of emissions they release.  
 
 
 A Goal Programming based model for the assessment of Energy technologies in Italy 
 
 70 
 
 
 Weights of efficiency coefficient, availability, capacity factor, R/P ratio and 
Technical lifetime. 
 
There are five subcriteria of the technology and sustainability factors. The most 
important of all four subcriteria is the R/P ratio, which practically depicts the number of 
years for which the particular type of power plant can operate due to fuel availability. 
The availability is considered equally important with the efficiency coefficient and 
moderately more important than the capacity, because the power plant should be able to 
produce electricity whenever needed. The capacity depends among others on the policy 
followed in the electricity production sector. As a result, it is considered less important 
than the efficiency coefficient, which depicts how well the energy is exploited by the 
specific power plant technology. 
 
 Weights of capital, O&M, fuel and external costs and of job creation. 
 
The capital, O&M, fuel and external costs and the job creation are the five subcriteria of 
socioeconomic factors. The contribution of each kind of cost to the overall cost differs 
significantly according to power plant type, the discount rates and fuel market prices. 
However, capital costs play a great role in the overall electricity generation cost, while 
high capital costs prevent private investors, because of the long amortization period. 
Fuel costs also contribute significantly to the overall cost. O&M costs are relatively low 
compared to the capital and fuel costs. Finally, the external costs seem to rise greatly, 
while in the near future and they will be fully incorporated in the electricity production 
cost, so they are considered of high importance for the years to come. The job created 
by the operation of a power plant is an important aspect to be taken into consideration 
even if in Italy and also in the rest of the world it is generally considered to be less 
important than the costs. 
  
In order to give a quantitative weight to the various criteria we will follow the AHP 
evaluation done by Athanasios I. Chatzimouratidis, Petros A. Pilavachi in their various 
papers on the argument. 
The weights used for the evaluation are shown in Table IV. 
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  Table IV, Criteria and sub-criteria weights 
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5. Building the model 
 
The basic problem that we will mathematically solve is to find the optimal percentage 
of electricity to be produced by each power plant, so the optimal Italian portfolio. As 
often done in the literature, we will use this information to assess the goodness of each 
technology for the place taken into consideration, according to the characteristics of the 
existing technologies and the importance that the user will give to each of them. 
It is possible to do this logical passage since, as we will see later on, no conditioning is 
done that could affect the evaluation by addressing the results toward either one of the 
technologies. The problem will have a number of objective functions equal to the 
number of analyzed technologies. Each of these objective functions will express the 
desire of finding the portfolio that maximizes the living standards of Italians. 
The unique constraint for the basic problem is represented by the necessity that the sum 
of the percentages equals 100, so that the portfolio covers the whole Italian production. 
We can solve this basic problem by using the Goal-programming method.  
The GP model is developed by following the logical passages described by Tugrul U. 
Daim et al. in ―Identification of energy policy priorities from existing energy portfolios 
using hierarchical decision model and goal programming‖, (2009). 
The goals of the GP model are aimed to be the weighted sum of the criteria values for 
each kind of power plant.  
Each goal function will have both surplus (𝑑𝑖
+) and shortages (𝑑𝑖
−) between the goals 
and the implementations. Since the goals are determined exactly, the goal functions are 
defined as equality rather than a minimization or maximization goal. 
The optimization will be defined to have the total of both surplus and shortage 
discrepancies among the goals and the portfolios to be minimized. 
The constraint of the basic problem still remains. Moreover, since all the variables are 
taken as percentage, and given the fact that the user can decide them, we will add the 
constraints for the weights of all the three objectives and the criteria related to each 
objective to sum up to 100. Finally, we have to insert the non-negativity constraints for 
each variable and for the weights. 
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The mathematical formulation of the model is the following one: 
 
 Min
𝑖
 𝑑𝑖
+ +
10
𝑖=1
𝑑𝑖
− 
𝑠. 𝑡.  𝑥𝑖 + 𝑑𝑖
− − 𝑑𝑖
+ =  𝐹𝑗 ∗ 𝑡𝑗𝑖
𝑗
 
 𝑥𝑖 = 100
𝑖
 𝑖 = 1… 10 
𝐹𝑗 = 𝐶𝑗 ∗ 𝐺1   𝑗 = 1,… ,4 
𝐹𝑗 = 𝐶𝑗 ∗ 𝐺2    𝑗 = 5,… ,9 
𝐹𝑗 = 𝐶𝑗 ∗ 𝐺3   𝑗 = 10,… ,14 
𝐺1 + 𝐺2 + 𝐺3 = 1 
𝐶1 + 𝐶2 + 𝐶3 + 𝐶4 = 1 
𝐶1 + 𝐶2 + 𝐶3 + 𝐶4 = 1 
𝐶5 + 𝐶6 + 𝐶7 + 𝐶8 + 𝐶9 = 1 
𝐶10 + 𝐶11 + 𝐶12 + 𝐶13 + 𝐶14 = 1 
      
𝑑𝑖
− ≥ 0
𝑑𝑖
+ ≥ 0
𝑥𝑖  ≥ 0
   ∀𝑖 
 
0  ≤  𝐹𝑗  ≤  100
0  ≤  𝐶𝑗  ≤  100
0  ≤  𝐺𝑗  ≤  100
  ∀𝑖 
 
where: 
G1,2,3 are the weight of the criteria (Quality of life, technology….); 
Cj is the weight of the subcriteria at first level (Fuel cost, job creation…..); 
Fj is the relative weight of the criteria j;  
tji is the value of the criterion j for the technology i; 
 𝐹𝑗 ∗ 𝑡𝑗𝑖𝑗   is the goal relative to the i
th
 technology; 
xi are the percentages of energy produced by each plant; 
di
+/-
 are the deviational variable for the technology i; 
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The model can be adapted in every moment to the requirements of the user and to legal 
and technological variations.  
For example, given the Directive 2009/28/CE, which requires that at least the 26.4% of 
electrical energy must be produced by renewable sources, a new constraint can be added 
to the model obtaining the following formulation. 
 
Min
𝑖
 𝑑𝑖
+ +
10
𝑖=1
𝑑𝑖
− 
𝑠. 𝑡.  𝑥𝑖 + 𝑑𝑖
− − 𝑑𝑖
+ =  𝐹𝑗 ∗ 𝑡𝑗𝑖
𝑗
 
 𝑥𝑖 = 100
𝑖
 𝑖 = 1… 10 
→  𝑥𝑖
9
𝑖=5
≥ 26.4 
𝐹𝑗 = 𝐶𝑗 ∗ 𝐺1   𝑗 = 1,… ,4 
𝐹𝑗 = 𝐶𝑗 ∗ 𝐺2    𝑗 = 5,… ,9 
𝐹𝑗 = 𝐶𝑗 ∗ 𝐺3   𝑗 = 10,… ,14 
𝐺1 + 𝐺2 + 𝐺3 = 1 
𝐶1 + 𝐶2 + 𝐶3 + 𝐶4 = 1 
𝐶1 + 𝐶2 + 𝐶3 + 𝐶4 = 1 
𝐶5 + 𝐶6 + 𝐶7 + 𝐶8 + 𝐶9 = 1 
𝐶10 + 𝐶11 + 𝐶12 + 𝐶13 + 𝐶14 = 1 
      
𝑑𝑖
− ≥ 0
𝑑𝑖
+ ≥ 0
𝑥𝑖  ≥ 0
   ∀𝑖 
 
0  ≤  𝐹𝑗  ≤  100
0  ≤  𝐶𝑗  ≤  100
0  ≤  𝐺𝑗  ≤  100
  ∀𝑖 
 
The model solved in this thesis is the first one, but, as we will see later on, the results 
obtained respect also the constraint added in the second version, so the solution of the 
two models, given our set of data and weights, is the same. 
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6. Results and discussion 
 
The model is executed using the excel solver. The data used are the ones in Table III 
and IV. The results are shown in the following graph.  
 
 
 
 
 
 
 
 
 
 
 
The results show that renewable energy power plants are in general more efficient than 
others. In particular hydroelectric power plants result to be the better choice for the 
Italian context. This result is extremely positive given the fact that water force already 
represents the most used source of energy among the renewable ones in Italy, in fact the 
45.4% of renewable energy produced derives exactly from hydroelectric power plants. 
The supremacy of hydroelectric power plants technology can be found also in a 
European context, proving that this technology is very powerful not only for Italy. 
Wind power plants occupy the second position, so they can be considered another 
optimal choice for Italy, in particular if we consider that the conformation of Italian 
territory lends itself to the installation of offshore wind plants which are even better 
than the turbines currently installed. This result suggest that the reduction in terms of 
new installations in the last year (-65% of new installations with respect to 2012) must 
be stopped immediately. In a joint association ―ANEV‖, ―assoRinnovabili‖ and 
―Coordinamento FREE‖ complain about the inadequacy of the existing systems and the 
need for timely intervention of the government for avoiding that the wind industry will 
suffer a further blow, since they are convinced that wind sector have proved during last 
decades to have an enormous potential. 
 A Goal Programming based model for the assessment of Energy technologies in Italy 
 
 76 
 
The third position is occupied by geothermal plants. Looking at the general results 
obtained by Chatzimouratidis and Pilavachi we can see that the position of wind and 
geothermal plants is inverted although they are very near in both cases. In the 
―Pubblicazione Speciale dell‘UGI. Prima edizione. Dicembre 2011‖ the Italian 
Geothermal Union states that given the presence of geothermal resources of all kinds, 
with the possibility of development in many and vast areas of the country, especially for 
direct uses, Italy has a strong geothermal vocation.  So, its potential can be enhanced so 
much more than what has been done until now.  
Photovoltaic power plants follow geothermal ones, reaching the fourth position. As ―Il 
Sole 24 ORE‖ reports in the article ―Fotovoltaico: Italia in prima fila per la 
competitività‖ by Giuseppe Caravita: ―It caused a stir among insiders, the study by 
McKinsey that indicates two countries in the world as the closer, today, to the 
photovoltaic ―grid parity‖ (i.e. that break-even point where a solar cell, under a large 
irradiation, can produce electricity at costs equal to, or even lower than those prevailing 
in the market). And Italy, characterized by its electricity rates by 30% more expansive 
than the European average, and together, by a robust natural radiation, was evaluated by 
the McKinsey Global Foundation‘s analysts as the world‘s second candidate to break 
the photovoltaic‘s thread of wool‖. This considerations, together with the high 
efficiency reached by this technology, give a justification to the high position reached 
by photovoltaic power plants, and suggest a stronger usage of thise source for the 
production of energy.  
Fuel cells immediately follow renewable energies and this is an important indicator of 
the fact that this young technology has an enormous potential, and approves the big 
investments of Italy in this sense and the high demand of implementations of this type. 
Non-renewable energies, as expected, are all in the last positions of our scale. What is 
very important to notice is that coal fired power plants, that are the second plants in 
terms of energy production in Italy, are also the worst in terms of standard of life 
created. This result should encourage Italian institution to quickly revise current 
implementations in order to improve Italians‘ standards of life.  
 
7. Sensitivity analysis 
 
In order to validate the model a sensitivity analysis was made. 
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We decided to maintain the percentages at the second level of the hierarchy three, i.e. 
the weights of Quality of life, Technology and Sustainability and Socio-economic 
aspects, since they follow the normative basis and are in line with the ones used for this 
kind of evaluations in other countries.  
While, the weights given to the subcriteria at the last nodes, and so the so called cj, will 
be modified in order to give a different importance to a specific criterion with respect to 
the others.  
A first test is done giving the same weight to all the subcriteria. The result of this test is 
shown in the following graph and reveals that, also in this case, renewable energies are, 
in general, better than others. The percentages of the best tree (Hydro, Wind and 
Geothermal) are slightly different than before and more closely resemble those obtained 
in our reference literature. What should catch our eyes is the fact that biomass 
technology has a lower score than NGCC and Fuel cells. This result can be explained by 
carefully studying the data set and noting that, when one gives the same importance to 
all subcriteria, the ones in which Biomass presents the better performances, like the R/P 
ratio, have lost importance, while some of those in which Biomass is lacking, like the 
technical lifetime, have acquired importance. Another thing to notice is that now we 
have a flatter distribution, and in fact the percentages vary between the 5.61% of Coal 
technology and the 12.4% of Hydroelectric power.  
 
A series of other tests was done. The results always show the supremacy of renewables 
and fuel cells over non-renewable energies. Some examples of the specific results 
obtained for the sets of weights defined are shown below. 
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Subcriteria weights 
Accident fatalities 5% 
Radioactivity 45% 
Land requirement 5% 
Non radioactive emissions 45% 
Efficiency coefficient 30% 
Availability 30% 
Capacity factor 30% 
R/P ratio 5% 
Technical lifetime 5% 
Capital costs 10% 
O&M costs 20% 
Fuel costs 30% 
External costs 20% 
Job creation 20% 
 
Subcriteria weights 
Accident fatalities 40% 
Radioactivity 20% 
Land requirement 20% 
Non radioactive emissions 20% 
Efficiency coefficient 15% 
Availability 20% 
Capacity factor 15% 
R/P ratio 20% 
Technical lifetime 30% 
Capital costs 15% 
O&M costs 10% 
Fuel costs 15% 
External costs 50% 
Job creation 10% 
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Chapter VI 
 
A Further Investigation:  
The Inverse Model 
 
Every year countries establish specific energy policies in which a list of goals and the 
road to be followed in order to meet them are declared. In theory this declarations 
should be traduced into numbers that determine the energy portfolio, i.e. the list of the 
kW of energy produced by each technology. Most of times, however, actual energy 
portfolios are very different from the ones satisfying the specified goals and this is 
exactly the case of Italy.  
If we compare the results of our model with the Italian energy portfolio in 2012 (shown 
below) we can, in fact, note a substantial difference and so some questions arise:  
 which are the actual criteria that brought Italy to choose exactly this portfolio? 
 is Italy orientated to the satisfaction of Kyoto protocol‘s and Europe‘s 
requirements? 
 it is just a matter of costs or Italy is really thinking to the wealth of citizens and 
workers? 
Probably the answer to these questions is already present in our minds, but what we 
want t do is to mathematically state and quantify that. 
 
1. Data set 
 
The percentage Italian energy portfolio can be computed from the data shown in the 
graph of Chapter III and is the one in the following table. 
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Energy  
technology 
Percentage  
production 
NGCC 26% 
Coal 24,47% 
Hydro 20,85% 
Photovoltaic 9,39% 
Wind 6,68% 
Biomass 6,22% 
Oil 3,50% 
Geothermal 2,78% 
OCGT 0,1% 
Fuel cells ≈0% 
 
 
Using this data we can invert the model presented so far in order to identify the 
selection priorities of energy technologies for Italy and so the importance given to each 
of the criteria and subcriteria described before. 
 
2. Building the model 
 
The purpose of the inverse model will be, so, to determine the relative weight (Fj) to be 
given to each subcriterion, taking as data the specific characteristics of each technology.  
The Fjs, that in previous model were chosen by the user through a quantification of the 
requirements of the legislator, are now the decision variables of the model; while tij, the 
criteria values for a given technology, still remain the parameters.  
The mathematical problem to be solved will have a number of objective functions equal 
to the number of technologies used to produce electricity. Each of these objective 
functions will express the desire of finding the weight to be given to each subcriterion in 
order to optimize the combination of technologies. The unique constraint for the basic 
problem is represented by the necessity that the sum of the decision variables, Fj, equals 
100.  
Also in this case, we can solve the problem by using the Goal-programming method.  
The GP model is developed by following the logical passages described by Tugrul U. 
Daim et al. in ―Identification of energy policy priorities from existing energy portfolios 
using hierarchical decision model and goal programming‖, (2009). 
The goals of the GP model are the actual percentage production of electrical energy for 
each kind of power plant (POi). Each goal function will have both surplus (𝑑𝑖
+) and 
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shortages (𝑑𝑖
−) between the goals and the weighted sum of the Fjs, the weights being the 
tijs. Since the goals are determined exactly, the goal functions are defined as equality 
rather than a minimization or maximization goal. 
The optimization of the goal programming problem will be defined as the minimization 
of the total of both surplus and shortage discrepancies among the goals and the 
weighted sums. 
The constraint of the basic problem still remains. Moreover, since all the variables are 
taken as percentage we will add the constraints for the Fjs to sum up to 100.  
Finally, we have to insert the non-negativity constraints for each variable of the 
problem.  
The mathematical formulation of the model is the following one: 
 
 Min
𝑖
 𝑑𝑖
+ +
10
𝑖=1
𝑑𝑖
− 
𝑠. 𝑡.  𝐹𝑗 ∗ 𝑡𝑗𝑖
14
𝑗=1
+ 𝑑𝑖
− − 𝑑𝑖
+ = 𝑃𝑂𝑖   ∀𝑖 
 𝐹𝑗
14
𝑗=1
= 100 
      
𝑑𝑖
− ≥ 0
𝑑𝑖
+ ≥ 0
𝐹𝑗  ≥ 0
   ∀𝑖 
 
where: 
Fj is the relative weight of the criteria j, that is the output of the model;  
tji is the value of the criterion j for the technology i; 
POi is the goal relative to the i
th
 technology; 
di
+/-
 are the deviational variable for the technology i; 
 
3. Results and discussion 
 
The model is executed using the excel solver. 
The results show that Italy is concentrating on just four characteristics of the 
technologies. In particular: 
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 for what concerns the criteria Quality of Life, Italy seems to be interested only 
in the minimization of the land requirement;  
 in terms of Technology and Sustainability, Italian choices are now oriented by 
the length of the technical lifetime;  
 and the unique two criteria taken into consideration among the Socioeconomic 
ones are Capital costs and O&M costs. 
We present here the results of this inverse model together with the values assumed to be 
in line with European directives and public opinion for the construction of previous 
model (Presented in table IV, page 71). 
Subcriteria 
Results of the  
“inverse model” 
Relative weights used  
in the “direct model” 
Accident fatalities 0 % 7 % 
Radioactivity 0 % 21 % 
Land requirement 0,25 % 1,4 % 
Non radioactive emissions 0 % 40,6 % 
Efficiency coefficient 0 % 4 % 
Availability 0 % 4 % 
Capacity factor 0 % 2 % 
R/P ratio 0 % 9,4 % 
Technical lifetime 15,17 % 0,6 % 
Capital costs 2,48 % 3,9 % 
O&M costs 82,1 % 0,8 % 
Fuel costs 0 % 3,5 % 
External costs 0 % 1,5 % 
Job creation 0 % 0,3 % 
 
As we can immediately see the two sets of data are very different from each other and 
this is obviously not a good signal for Italy. 
These results seem very near to the public belief that Italy is not yet on the right road for 
the satisfaction of the 20-20-20 requirements. Economic elements, in fact, are still 
receiving too much attention compared with the non-economic ones.  
The very high importance given to O&M and Capital costs was obviously expected, but 
what was also more expected, although it is very difficult to accept, is the non-
consideration at all of the R/P ratio and of the emissions of plants. This means that 
environment and human health are not safeguarded with the proper attention despite 
being the main things to take in consideration when choosing an energy portfolio 
strategy. Moreover, this conflicts with the social decision not to produce energy from 
nuclear plants, because of its radioactive emissions during work and not only because of 
a sort of fear of explosion. 
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Conclusions 
 
This study focused on the evaluation of the ten types of power plant with regard to a set 
of criteria by the application of the Goal programming and leads to the conclusion that 
renewable energy power plants are the best solutions for the future. Except for biomass, 
all other types of renewable energy-based power plants require no fuel, thus having no 
fuel costs and ensuring their operation for ever. Hydro, wind and geothermal power 
plants rank in the three top positions. Photovoltaic plants are fourth possibly due to their 
low availability and high capital costs, while biomass plants rank fifth because of their 
fuel costs. Among non-renewable energy-based power plants, fuel cells have the best 
evaluation, and considering that using a non-renewable source is only an intermediate 
step for the evolution of this technology, we expect better performances soon. They 
rank in the sixth position, mainly due to their excellent technological performances as 
compared to the natural gas, coal/lignite and oil technologies. Natural gas is still 
expensive but very promising for the future, as its combustion is less harmful for human 
health and the global ecosystem, in particular in the combined cycle case, with respect 
to oil and coal. A probable price drop of natural gas relative to other fuel costs will 
sharply increase its competitiveness in the electricity production, but up to now it has 
reached just the seventh and eighth positions. Oil can supplement other forms of energy 
for the near future, but its use for electricity production is steadily declining, and it is a 
very positive thing given the fact that it is the second worst technology in terms of 
human lifestyle created. The worst technology at all is the one that stands behind Coal 
fired power plants, so a fast disposal of these plants is strongly suggested. On the other 
hand, coal/lignite is the fossil fuel with the greatest reserves that can ensure stable 
energy provision for many decades, despite its adverse environmental effects. A 
combination of different technologies according to society and economic priorities, 
Italian availability of resources and energy needs is necessary to ensure the energy 
future. Decision makers should take into account all different perspectives concluding 
to the best solution for each case, which depends on the local cultural, social and future 
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policy aspects, since not all of them are taken into account here because of their non-
quantifiability.  
The second part of this study focused on the energy policies of Italy. Discrepancies in 
the country policy were identified through the use of Goal programming. 
Reverse solution of the balances between policies and implementations resulted in 
identification of weights of importance for technological, social/political and economic 
factors. It was found that the European model does not fit the portfolio mixes of our 
country. From this lack of fit, there are a couple of possible conclusions. First, the 
model has not included or not correctly evaluated an important criterion resulting in 
incorrect values in the model. Alternatively, the lack of fit could be explained if no 
quantitative evaluation was performed to select energy technologies for the portfolios 
and the technology was selected arbitrarily or by public or political opinion only. Owing 
to the general lack of application of the numerous publications by experts at the 
governmental level, it seems the alternate conclusion is likely the correct one. 
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